OFFICE  OF  NAVAL  RESEARCH 
Contract  No.  N00014-89-J-1689 


% 

APPROVED  FOR  PUBLIC  RELEASE  -  DISTRIBUTION  UNLIMITED 


Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose 
of  the  United  States  Government 


L.  E.  Cross 
R.  E.  Newnham 
A.  S.  Bhalla 
J.  P.  Dougherty 
J.  H.  Adair 
V.  K.  Varadan 
V.  V.  Varadan 


pennState 


!  M  1  'S 


THE  MATERIALS  RESEARCH  LABORATORY 


UNIVERSITY  PARK,  PA 


91-01137 


MCVIMIY  CiAti»»<AtlOI«  0«  rnij 


REPORT  OOCUMErfTATlON  PAGE 


i«.  Mrour  sccuMtr  OAistfiCAiioM 


Ik.  RUtnCTlVt  MAAUI«G» 


I*.  ucuMPr  OASStfiCAriON  MjtHONrr 


ak.  OCOAlStflCAflONlOOWNCXAOMQ  SCHCOUU 


J.  OiSriMUtlONIAVAIUUlUfT  O#  MrORI  ^  ^ 

Reproduction  In  whole  or  in  part  is  permitted 
for  any  purpose  of  the  United  States  Governmei 


<  rciuoRMiNc  QRCAMfZAtiON  Rcrour  NUMKRIS) 

N00014-89-J-1689 


S.  MOMTORIMQ  ORCANlZAnON  R(RORT  NUMtfR(S) 


U.  NAM(  Of  P(RK)RMIN<i  ORCAMOAnON 

Materials  Research  Laboratory 


•c  AooRcts  (Ctn  sat».  *na  ajrco0t> 

The  Pennsylvania  State  University 
University  Park,  PA  16802 


/«.  MAAIC  Of  MOMlORiNa  ORfiAMUAllOfI 


ak.  AOORUSicqr.  sun,  ttn 


U,  NAMC  Of  rUNOINa/SRONSORlHO 
0RCAMUAT10N 


Ik.  OfllCI  SIWkOt.  I  a.  RROGURSMINr  INSTRUMCNr  lOCNOFtCAnON  NUMIIR 


10.  SOURCE  OF  fUNOINC  NUMKRS 


RROCRAM  I  FROiECr  I  TASiC 

CLEMENr  M>.  1  NO.  I  NO. 


Sc  AOOMSSiCty;  SUte.jnO  airCoo«| 


It.  IITU  (Indbdf  S«<wny  Ouunuoont 

Piezoelectric  and  Electrostrictive  Materials  for  Transducer  Applications 


la.  rCRSONAC  AUTHORS)  ,  .  „  ,,  . 

L.E.  Cross,  R.E.  Newnham,  A.S.  Bhalla,  J.P.  Dougherty,  J.H.  Adair,  V.K.  Varadan,  V.V.  Varadar 


IJk.  riMC  COVCRCO  Its.  OATf  Of  RSFORf  (ff ar. MomA a*r>  PS.  COUNf 

from2/1/90  to  1/31/91 1  *  '  I 


ia«.  r»R«  o#  RcroRT 

ANNUAL 


Ik.  SURnCMCNTAAr  NOrATION 


COSAII  coots 


CROUr  SUS^ROUR 


It.  SUiJiCr  ORMS  tCOnor 


ASSIRACT  (Cono/iv*  ort  1/  inttustf  kr  nw<ttk**> 


SEE  REVERSE  SIDE  OF  PAGE. 


I  fw^rm  it  n*nnsrf  #nW  idtnoff  bf  Woe*  <k(>oo«0 


:o.  oiSTRiiunoN/AVAiiAiiunr  of  asstract 
Our4CtAtsirifo/UNUMir(o  □  sams  as  rrt.  □otcuscrs 


.'il.  KAMI  OF  RCSfONtllU  •NOIVIOUAA 


at.  ABSTRACT  SCCURirr  OASSlFtCAriON 


aik.  rCUFHOM  (IndwO*  A/««CeiM|  I  lie  OFFKC  Stmioc 


COFnr.-n  M7J,  JUN  M 


ABSIKACE 


This  report  documents  work  carried  out  in  the  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  second  year  of  a  three  year  program  on  "Piezoelectric 
and  Electrostrictive  Materials  for  Transducer  Applications"  sponsored  under  grant  No. 
N(XX)14-89-J-1689  from  the  Office  of  Naval  Research. 

Highlights  of  the  year's  activity  include:  Participation  of  a  number  of  senior  faculty  in 
program  to  better  define  the  role  of  ferroelectrics  in  "smart  materials"  and  the  manner  in  which 
these  developing  interests  will  impact  the  needs  for  transducers  as  both  actuators  and  sensors. 
New  progress  has  been  made  with  the  flextensional  (moonie)  type  structures  and  with  the 
evolution  of  the  1 ;  3  composites  towards  commercial  development  as  large  area  actuators. 

The  year  has  seen  major  advance  in  the  understanding  of  the  relaxor  type  ferroelectrics 
which  are  most  useful  as  dielectrics  and  electrostrictors.  It  has  become  clear  that  the  original 
superparaelectric  model  is  only  a  first  approximation  valid  for  the  very  high  temperature 
behaviour  and  that  in  fact  both  the  Lead  magnesium  niobate  and  the  PZT  materials  are  close 
analogues  of  the  magnetic  spin  glasses.  Interaction  between  the  polar  micro-regions  leads  to  a 
Vogel-Fulcher  like  slowing  clown  and  freezing,  and  provides  understanding  of  the  micros  to 
macrodomain  transitions,  the  liysteretic  behaviour  and  the  coupled  elastic  responses. 

An  essential  component  of  the  program  is  the  excellent  capability  in  synthesis  and 
processing  which  has  been  developed  to  provide  the  many  new  compositions  and  controlled 
microstructures  which  are  essential  for  the  proper  understanding  of  the  properties. 

The  report  gives  a  brief  narrative  description  of  the  researches  which  are  more  fully 
documented  in  the  published  papers  of  the  technical  appendices. 


PIEZOELECTRIC  AND  ELECTROSTRICTIVE  MATERIALS 
FOR  TRANSDUCER  APPLICATIONS 


Period  February  1,  1990  to  January  31,  1991 

Annual  Report 
VOLUME  I 

OFFICE  OF  NAVAL  RESEARCH 
'Contract  No.  N00014-89-J-1689 


APPROVED  FOR  PUBLIC  RELEASE  -  DISTRIBUTION  UNLIMITED 


Reproduction  in  whole  or  in  part  is  permitted  for  any  purpose 
of  the  United  States  Government 


L.  E.  Cross 
R.  E.  Newnham 
A.  S.  Bhalla 
J.  P.  Dougherty 
J.  H.  Adair 
V.  K.  Varadan 
V.  V.  Varadan 


TABLE  OF  CONTENTS 


ABSTRACT .  1 

INTRODUCnON .  2 

1 .0  GENERAL  SUMMARY  PAPERS .  3 

2.0  SMART  MATERIALS  .  4 

3.0  COMPOSITE  MATERIALS .  4 

4.0  THEORETICAL  STUDIES .  5 

5.0  ELECTROSTRICnON/RELAXORFERROELECTRICS .  6 

6.0  OPTICAL  STUDIES .  8 

7.0  PREPARATIVE  STUDIES .  9 

8.0  MISCELLANEOUS  PAPERS .  10 

9.0  APPRENTICE  PROGRAM .  11 

10.0  PAPERS  PUBLISHED  IN  REFEREED  JOURNALS .  15 

11.0  INVITED  LECTURES .  17 

12.0  CONTRIBUTED  PAPERS .  18 

1 3.0  HONORS  TO  MRL  FACULTY  &  STUDENTS .  22 

APPENDICES 
Volume  I 

General  Summary  Papers 

1.  R.E.  Newnham  and  W.  Huebner,  "Elcctroccramics,"  Science  of  Advanced 
Materials.  Chapter  9  (1990). 

2.  L,  Eric  Cross,  "Polarization  Controlled  Ferroelectric  High  Strain  Actuators  (1990). 

3.  R.E.  Newnham  and  S.  Trolier-McKinstry,  "Crystals  and  Composites,"  J.  Appl. 

Cry  St.  21,  447-457  (1990). 


TABLE  OF  CONTENTS 
(continued) 


Smart  Mattriok 

4.  R.E.  Newnham  and  G.R.  Ruschau,  "Smart  Electroceramics,"  J.  Am.  Ceram.  Soc. 
24  (3),  463-480  (1991). 

5.  R.E.  Newnham,  "Tunable  Transducers:  Nonlinear  Phenomena  in  Electroceramics,” 
National  Institute  of  Standards  and  Technology  Special  Publication  804,  Qiemistry 
of  Electronic  Ceramic  Materials,  Proceedings  of  the  International  Conference  held 
in  Jackson,  WY,  August  17-22,  1990,  issued  January  1991. 

6.  D.  Damjanovic  and  R.E.  Newnham,  "Electrostrictive  and  Piezoelectric  Materials  for 
Actuator  Applications,"  A  Section  in  Chapter  5  -  Intelligent  Materials  Systems. 
ASME/NASA  Monograph  on  FUeht- Vehicle  Materials.  Structures  and  Dynamics 
Technologies  -  Assessment  and  Future  Directions.  Edited  by  Ahmed  K.  Noor  and 
Samuel  L.  Venneri. 

7.  W.Y.  Pan,  C.Q.  Dam,  Q.M.  Zhang  and  L.E.  Cross,  "Large  Displacement 
Transducers  Based  on  Electric  Field  Forced  Phase  Transitions  in  the  Tetragonal 
(Pbo  97Lao  02)(Ti,Zr,Sn)O3  Family  of  Ceramics,"  J.  Appl.  Phys.  66  (12),  ^14- 
6023  (1989). 


Composite  Materials 

8.  Q.C.  Xu,  J.R.  Belsick,  S.  Yoshikawa  and  R.E.  Newnham,  "Piezoelectric 
Composites  with  High  Sensitivity  and  High  Capacitance  for  Use  at  High 
ftessures,"  Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  PA  16802. 

9.  A.S.  Bhalla  and  R.Y.  Ting,  "Hydrophone  Figure  of  Merit,"  Sensors  and  Materials 
^,181-185  (1989). 

10.  K.A.  Hanner,  A.  Safari,  R.E.  Newnham  and  J.  Runt,  "Thin  Film  0-3 
Polymer/Piezoelectric  Ceramic  Composites  :  Piezoelectric  Paints,"  Ferroelectrics 
100.  255-260  (1989). 

11.  G.S.  Lee,  S.  Kim  and  T.R.  Shrout,  "Fabrication  of  0-3  Piezoelectric-Glass 
Composites,"  Sensors  and  Materials  2  (1),  7-15  (1990). 

12.  M.G.  Grewe,  T.R.  Gururaja,  T.R.  Shrout  and  R.E.  Newnham,  "Acoustic 
Properties  of  Particle/Polymer  Composites  for  Ultrasonic  Transducer  Backing 
Applications,"  IEEE  Transactions  on  Ultrasonics,  Ferroelectrics,  and  Frequency 
Control  22  (6),  506-514  (1990). 

13.  A.R.  Ramachandran,  Q.C.  Xu,  L.E.  Cross  and  R.E.  Newnham,  "Passive 
Piezoelectric  Damping,"  Presented  at  IEEE  Ultrasonics  Symposium  (UFFC), 
Honolulu,  Hawaii  (December  1-7, 1990). 


TABLE  OF  CONTENTS 
(continued) 


Theoretical  Studies 

14.  B.N.  Nazahari  Achair  and  G.R.  Barsch.  "Anhannonic  Perturbation  Theory  of 
Electrostriction  in  a  Perovskite  Oxide  at  Finite  Temperature,"  Solid  State 
Communication  21  (5),  323-325  (1990). 

15.  L.E.  Cross  and  G.A.  Rossetti,  Jr.,  "Origin  of  the  First-Order  Phase  Change  at  the 
Curie  Temperature  in  KNbOs,"  J.  Appl.  Phys.  ^  (2),  896-898  (1991). 

16.  G.A,  Rossetti,  Jr.,  K.R.  Udayakumar,  M.J.  Haun  and  L.E.  Cross, 
"Thermodynamic  Theory  of  Single-Crystal  Lead  Titanate  with  Consideration  of 
Elastic  Boundary  Conditions,"  J.  Am.  Ceram.  Soc.  22  (H),  3334-38  (1990). 

17.  G.A.  Rossetti,  Jr.,  T.  Nishimura  and  L.E.  Cross,  "X-Ray  and  Phenomenological 
Study  of  Lanthanum  Modified  Lead  Zirconate  -  Titanate  Compositions  Incipient  to 
the  Relaxor  Ferroelectric  Phase  Transition  Region."  (Submitted  to  J.  of  Appl. 
Phys.) 

ElectrostrictionIRelaxor  Ferroelectrics 

18.  T.R.  Shrout  and  J.  Fielding,  Jr.,  "Relaxor  Ferroelectric  Materials,"  Materials 
Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  PA 
16802. 

19.  A.D.  Hilton,  D.J.  Barber,  C.A.  Randall  and  T.R.  Shrout,  "On  Short  Range 
Ordering  in  the  Perovskite  Lead  Magnesium  Niobate."  (1989) 

20.  C.A.  Randall  and  A.S.  Bhalla,  "Nanostructural-Propeny  Relations  in  Complex 
Lead  Perovskites,"  Japanese  J.  Appl.  Phys.  22  (2),  327-333  (1990). 

21.  C.A.  Randall,  A.S.  Bhalla,  T.R.  Shrout  and  L.E.  Cross,  "Classification  and 
Consequences  of  Complex  Lead  Perovskite  Ferroelectrics  with  Regard  to  B-Site 
Cation  Order,"  J.  Mater.  Res.  2  (4),  829-834  (1990). 

22.  D.C.  Dube,  S.C.  Mathur,  S.J.  Jang  and  A.S.  Bhalla,  "Electrical  Behaviour  of 
Diffused  Phase  Ferroelectrics  in  the  Microwave  Region,"  Ferroelectrics  102.  151- 
154  (1990). 

23.  D.  Viehland,  S.J.  Jang,  L.E.  Cross  and  M.  Wuttig,  "Freezing  of  the  Polarization 
Fluctuations  in  Lead  Magnesium  Niobate  Relaxors,"  J.  Appl.  Phys.  22  (6),  2916- 
2921  (1990). 

24.  D.  Viehland,  S.J.  Jang,  L.E.  Cross  and  M.  Wuttig,  "Local  Polar  Configurations  in 
Lead  Magnesium  Niobate  Relaxors,"  J.  Appl.  Phys.  62  (1).  414-419  (1991). 

25.  D.  Viehland,  S.  Jang,  L.E.  Cross  and  M.  Wuttig,  "The  Dielectric  Relaxation  of 
Lead  Magnesium  Niobate  Relaxor  Ferroelectrics."  (Accepted  Phil.  Mag.  B) 

26.  D.  Viehland,  J.F.  Li,  S.  Jang,  L.E.  Cross  and  M.  Wuttig,  "The  Glassy 
Polarization  Behaviour  of  Relaxor  Ferroelectrics."  (Accepted  Phys.  Rev.  B) 


TABLE  OF  CONTENTS 
(continued) 


APPENDICES 
Volume  n 


ElectrostHctionIRelaxor  Ferroeleetrics  (continued) 

27.  D.  Vichiand,  J.F.  Li,  S.J.  Jang,  L.E.  Cross  and  M.  Wutrig,  "A  Dipolar  Glass 
Model  for  Lead  Magnesium  Niobate.”  (Accepted  Phys.  Rev.  B) 

28.  D.  ViehlantL  J.S.  Jang,  L.E.  Cross  and  M.  Wuttig,  "Anelastic  Relaxation  and 
Internal  Strain  in  Lead  Magnesium  Niobate  Relaxors."  (Accepted  Phil.  Mag.  B) 

29.  D.  Viehland,  S.J.  Jang,  L.E.  Cross  and  M.  Wuttig,  "Internal  Stain  Relaxation  Due 
to  the  Tilting  of  the  Oxygen  Octahedra  and  the  Glassy  Behaviour  of  LA  Modified 
Lead  Zirconate  Titantate  Relaxors."  (Accepted  J.  Appl.  Phys.) 

30.  D.  Viehland,  S.J.  Jang,  L.E.  Cross  and  M.  Wuttig,  "The  Dependence  of  the 
Glassy  Polar  Behaviour  on  Chemical  Ordering  in  Relaxor  Ferroeleetrics." 

31.  J.R.  Giniewicz,  A.S.  Bhalla  and  L.E.  Cross,  "An  Investigation  of  the  Structural 
and  Dielectric  ftoperties  of  the  Solid  Solution  System  (l-x)Pb(Sci/2Tai/2)03  -  (x) 
PbTi03,"  Ferroeleetrics  Letters  12. 35-42  (1990). 

32.  T.R.  Shrout,  Z.P.  Chang,  N.  Kim  and  S.  Markgraf,  "Dielectric  Behaviour  of 
Single  Crystals  Near  the  (1-x)  Pb(Mgi/3Nb2/3)03-(x)  PbTiOs  Morphotropic  Phase 
Boundary,"  Ferroeleetrics  Letters  12, 63-69  (19^). 

33.  J.R.  Giniewicz,  D.A.  McHenry,  T.R.  Shrout,  S.J.  Jang  and  A.S.  Bhalla, 
"Characterization  of  (l-x)Pb(Mgi/3Nb2/3)03  -  (x)PbTi03  and  Pb(Sci/2Tai/2)03 
Transparent  Ceramics  Prepared  by  Uniaxial  Hot-Pressing,"  Ferroeleetrics  109. 
167-172  (1990). 

34.  D.A.  McHenry,  J.R.  Giniewicz,  T.R.  Shrout,  S.J.  Jang  and  A.S.  Bhalla, 
"Electrical  and  Optical  Properties  of  Relaxor  Ferroeleetrics,"  Ferroeleetrics  11)2, 
161-171  (1990). 

35.  D.J.  Taylor,  D.  Danajanovic,  A.S.  Bhalla  and  L.E.  Cross,  "Large  Hydrostratic 
Piezoelectric  Coefficient  in  Lead  Magnesium  Niobate;  Lead  Titanate  Ceramics," 
Materials  Research  laborattn^.  The  Pennsylvania  State  University,  University  Park, 
PA  16802. 


OpticQi  Studits 

36.  D.A.  McHenry,  J.R.  Giniewicz,  S.J.  Jang,  T.R.  Shrout  and  A.S.  Bhalla,  "(Dptical 
and  Electro-(5ptical  Properties  of  Lead  Magnesium  Niobate-Lead  Titanate," 
Ferroeleetrics  107. 45-46  0990). 


TABLE  OF  CONTENTS 
(continued) 


Onaeal  Studies  (conHnutdi 

37.  D.A.  McHenry,  J.  Giniewicz,  SJ.  Jang  A.  Bhalla  and  T.R.  Shrout,  "Optical 
Properties  of  Hot  Pressed  Relaxor  Feiioelectrics,"  Ferroelectrics  22>  3S1-3S9 
(1989). 

38.  G.R.  Fox,  J.K.  Yamamoto,  D.V.  Miller,  L£.  Ooss  and  S.K.  Kurtz,  "Thermal 
Hysteresis  of  Optical  Second  Harmonic  in  Paradectric  BaTi03,"  Materials  Letters  9 
(7.  8),  284-288  (1990). 


Preparative  Studies 

39.  A.D.  Hilton+,  C.A.  Randall*,  D.J.  Barber^  and  T.R.  Shrout*,  "The  Influence  of 
Processing  on  Dielectric  Properties  of  PMN;PT  Based  C^cramics."  +Department  of 
Physics,  University  of  Essex,  Colchester,  United  Kingdom;  *Materials  Research 
Laboratory,  The  Pennsylvania  State  University,  University  Park,  PA  16802. 

40.  W.R.  Xue,  W.A.  Schulze  and  R.E.  Newnham,  "Effects  of  Sm203  and  Gd203  + 
Nd203  on  Electromechanical  Properties  of  PbTi03  Ceramics,"  J.  Am.  Ceram.  Soc. 
22  (6)  1783-84  (1990). 

41.  P.  Ravindranathan,  S.  Komaraneni,  A.S.  Bhalla,  L.E.  Cross  and  R.  Roy, 
"Solution-Sol-Gel  Processing  of  Lead  Magnesium  Niobate  Thin  Films," 
Ferroelectrics  Letters  22 ,29-34  (1990). 

42.  P.  Papet,  J:  P.  Dougherty  and  T.R.  Shrout,  "Particle  and  Grain  Size  Effects  on  the 
Dielectric  Behaviour  of  the  Relaxor  Ferroelectric  Pb(Mgi/3Nb2/3)03,"  J.  Mater. 
Res.  2  (12),  2902-2909  (1990). 

43.  J.T.  Fielding,  Jr.,  S.J.  Jang  and  T.R.  Shrout,  "Thermal  Degradation  of  Relaxor- 
Based  Piezoelectric  Ceramics,"  Materials  Research  Laboratory,  The  Pennsylvania 
State  University,  University  Park,  PA  168(S. 

44.  N.  Kim,  S.J.  Jang  and  T.R.  Shrout,  "Relaxor  Based  Fine  Grain  Piezoelectric 
Materials,"  Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  PA  16802. 

45.  F.G.  Jones,  C.A.  Randall,  S.J.  Jang  and  T.R.  Shrout,  "Preparation  in 
Characterization  of  Indium  Based  Complex  Perovskites  -  Pb(Ini/2Nbi/2)03  (PIN), 
Ba(Ini/2Nb  1/2)03  (BIN),  and  Ba(Ini/2Tai/2)03  (BIT),"  Ferroelectrics  Letters  22. 
55-62  (1990). 

46.  T.R.  Shrout,  "Conventionally  Prepared  Submicron  Electro-Ceramic  Powders  by 
Reactive  Calcination,"  National  Institute  of  Standards  and  Technology  Specitd 
Publication  804,  Chemistry  of  Electronic  Cerarmc  Materials,  Proceedings  of  the 
International  Conference  held  in  Jackson,  WY,  August  17-22,  1990,  issued 
January  1991. 


TABLE  OF  CONTENTS 
(continued) 


Preparative  Studied  (eontinuedi 

47.  S.  Kim*.  O.S.  Lee*  and  T.R.  Shrout*  and  S.  Venkataramani*.  fabrication  of 
Fine  Grain  Piezoelectric  Ceramics  Using  Reactive  Calcination,”  *Materials 
Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  PA 
16802;  'General  Electric  Co.,  Schenectady,  NY  12301. 

48.  T.R.  Shrout,  P.  Papet,  S.  Kim  and  G.S.  Lee,  "Conventionally  Prepared 
SubmicTon  L^-Bas^  Perovskite  Powders  by  Reactive  Calcination,"  Materials 
Research  Laboratory,  The  Pennsylvania  State  University,  University  Park,  PA 
16802. 

49.  T.R.  Shrout*,  Y.S.  Kim*,  J.  Fielding,  Jr.*  and  S.  Vcnkataramani+,  "Fabrication 
of  Porous  Electroceramics  Structures  by  Reactive  Calcination,"  *Materials  Research 
Laboratory,  The  Permsylvania  State  University,  University  Paik,  PA  16802; 
■•General  Electric  Co.,  Schenectady,  NY  12301. 


Miscellaneous  Papers 

50.  J.K.  Yamamoto,  C.A.  Randall,  S.A.  Markgr^,  A.S.  Bhalla  and  M.A.  Sairi, 
"Growth  and  Characterization  of  Ferroelectric/Polar  Single  Crystal  Fibers," 
Fenoelectrics  107. 191-193  (1990). 

51.  S.A.  Markgraf,  C.A.  Randall  and  A.S.  Bhalla,  "Incommensurate  Phase  In 
Ba2'nSi208,"  Solid  State  Communications  25  (10),  821-824  (1990). 

52.  S.A.  Markgraf  and  A.S.  Bhalla,  "Low-Temperature  Phase  Transition  in 
Ba2TiGc208,"  Phase  Transitions  18, 55-76  (1989). 

53.  Z.P.  Chang  and  A.S.  Bhalla,  "Elastic  Anomally  In  Fresnoite  (Ba2TiSi208)  Single 
Crystal,"  I^terials  Letters  8  (10),  418-420  (1989). 

54.  S.A.  Markgraf  and  A.S.  Bhalla,  "Pyroelectric  and  Dielectric  Properties  of 
Hemimorplute,  Zn2Si207(0H)2  •  H2O"  Materials  Letters  8  (5),  179-181  (1989). 


ABSTRACT 


This  report  documents  work  carried  out  in  die  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  second  year  of  a  three  year  program  on  "Piezoelectric 
and  Electrostrictive  Materials  for  Transducer  Applications"  sponsored  under  grant  No. 
N0(X)14-89-J-1689  from  the  Office  of  Naval  Research. 

Highlights  of  the  year's  activity  include:  Participation  of  a  number  of  senior  faculty  in 
program  to  better  define  the  role  of  fenoclcctrics  in  "smart  materials"  and  the  manner  in  which 
these  developing  interests  will  impact  the  needs  for  transducers  as  both  actuators  and  sensors. 
New  progress  has  been  made  with  the  flextensional  (moonie)  type  structures  and  with  the 
evolution  of  the  1 :  3  composites  towards  commercial  development  as  large  area  actuators. 

The  year  has  seen  major  advance  in  the  understanding  of  the  relaxor  type  ferroelectrics 
which  are  most  useful  as  dielectrics  and  electrostrictors.  It  has  become  clear  that  the  original 
superparaelectric  model  is  only  a  first  approximation  valid  for  the  very  high  temperature 
behaviour  and  that  in  fact  both  the  Lead  magnesium  niobate  and  the  PZT  materials  are  close 
analogues  of  the  magnetic  spin  glasses.  Interaction  between  the  polar  micro-regions  leads  to  a 
Vogel-Fulcher  like  slowing  down  and  freezing,  and  provides  understanding  of  the  micros  to 
macrodomain  transitions,  the  hysteretic  behaviour  and  the  coupled  elastic  responses. 

An  essential  component  of  the  program  is  the  excellent  capability  in  synthesis  and 
processing  which  has  been  developed  to  provide  the  many  new  compositions  and  controlled 
microstructures  which  are  essential  for  the  proper  understanding  of  the  properties. 

The  report  gives  a  brief  narrative  description  of  the  researches  which  arc  more  fully 
documented  in  the  published  papers  of  the  technical  appendices. 


INTRODUCTION 


This  rqpoit  documents  work  carried  out  in  the  Materials  Research  Labomtory  of  The 
Pennsylvania  State  University  over  the  second  year  of  a  three  year  program  on  "Piezoelectric 
and  Electrostrictive  Materials  for  Transducer  Applications"  sponsored  under  grant  No. 
N00014-g9-J-1689  from  the  Office  of  Naval  Research.  The  topics  under  study  build  on  and 
expand  work  carried  on  over  the  first  year  of  the  contract.  In  general  the  emphasis  is  being 
moved  slowly  from  our  earlier  concern  with  large  area  sensors  towards  problems  associated 
with  materials  for  the  actuator  components,  a  response  to  the  developing  Navy  interest  in 
'smart'  materials  and  systems  which  is  currendy  most  limited  by  the  actuator  comtx)nent. 


For  reporting  purposed,  the  activities  are  grouped  under  the  following  major  headings. 

1 .  GENERAL  SUMMARY  PAPERS 

2 .  SMART  MATERIALS 

3 .  COMPOSITE  MATERIALS 

4.  THEORETICAL  STUDIES 

5.  ELECTROSTRICnON/RELAXORFERROELECTRICS 

6.  OPTICAL  STUDIES 

7 .  PREPARATIVE  STUDIES 

8.  MISCELLANEOUS  PAPERS 

Highlights  of  the  years  activities  include  the  participation  of  a  number  of  the  faculty  in 
attempts  to  bener  define  the  role  of  fetroelectrics  in  'sman'  materials  and  structures  and  the 
manner  in  which  these  developments  will  impact  the  needs  for  sensors  and  actuators  for  both 
military  and  civilian  systems.  For  the  composite  piezoelectrics,  further  development  of  the 
stress  transfering  "moonie"  structures  has  induced  three  companies  to  begin  commercial 
development.  The  1:3  composites  are  now  being  produced  in  larger  area  sections  through  a 
cooperative  program  with  Fiber  Materials  Inc.  who  have  the  ultraloom  equipment  for 
automated  assembly.  As  expected,  the  large  area  1:3  polymer:  PZT  composites  show  excellent 
properties  for  large  area  actuators  with  coupling  coefficients  Kj  ~  70%  giving  ~50%  electrical 
to  mechanical  energy  conversion. 


The  year  has  seen  a  major  burst  of  activity  on  the  Electrostrictive/Relaxor  ferroelectric 
systems  with  new  work  on  preparation  and  fabrication  microstructure  and  nanostructure.  A 
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crucial  advance  in  understanding  has  come  fnxn  the  application  of  the  magnetic  spin  glass 
formalism  to  the  relaxors  both  in  PMN:FT  and  in  the  PLZT  families  of  compositions. 

Optical  studies  which  further  help  to  define  the  polarizatitm  mechanisms  in  the  relaxor 
feiToelectrics  have  been  included  fw  completeness. 

In  this  program,  as  we  have  often  reiterated,  an  essential  component  which  undergirds 
all  of  the  property  studies  is  the  fine  woilc  on  preparation  of  both  existing  and  new 
electroceramic  compositions.  This  year  the  group  has  been  noaking  excellent  use  of  reactive 
calcination  as  a  technique  for  the  economical  development  of  ultraflne  powders  in  both  PZT 
and  PMN  families. 

Following  well  established  precedent  this  report  sununarizes  in  a  brief  narrative  form 
the  most  important  developments  during  the  year  connecting  this  narrative  to  an  extensive  set  of 
appendices  which  document  the  work  more  fully  in  the  form  of  papers  published  throughout 
the  year. 


1.0  GENERAL  SUMMARY  PAPERS 

Professors  R.E.  Newnham  and  W.  Huebner  provided  an  excellent  review  article  for  the 
Journal  of  the  American  Ceramic  Society  (Appendix  1)  summarizing  the  current  status  across 
the  whole  family  of  Electroceramic  materials  and  devices.  The  article  reviews  capacitors, 
thermistors,  varistors  and  other  ceramic  components,  stressing  the  trend  towards  integrated 
systems.  Sensors,  actuators  and  sman  systems  are  discussed  and  the  trends  towards 
miniaturization  considered. 

In  a  review  article  presented  at  the  Joint  US:JAPAN  meeting  on  Adaptive  Structures 
L.E.  Cross  (Appendix  2)  discussed  the  status  of  high  strain  polarization  controlled  actuators. 
The  paper  summarizes  the  driving  need  to  consider  phase  and  domain  change  systems  and 
discusses  polarization  control,  switching  speed  and  fatigue  effects  in  these  very  high  strain 
systems. 
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Exciting  analogies  between  G>mposites  and  Crystal  structures  are  drawn  in  a  review 
for  the  Journal  of  Applied  Crystallography  (Appendix  3)  by  R£.Newnham  and  S.  Trolier- 
McKinstry.  It  is  fascinating  to  see  how  some  behaviours  transpose  almost  exactly  whilst  in 
others,  such  as  the  ability  to  control  scale  in  the  conqx>site  there  are  no  direct  crystaUographic 
equivalences  through  of  course  the  symmetry  properties  are  retained. 

LJt _ SMART  MATERIALS 

A  theme  which  is  certain  to  be  recurring  in  this  program  on  transducer  materials  is  the 
developing  need  for  electrically  controllable  shape  and  compliance  for  the  actuator  functions  in 
smart  elastic  systems.  In  appendix  4,  R.E.  Newnham  and  G.  R.  Ruschau  discuss  smart 
electroceramics  underscoring  the  new  possibilities  which  sensor,  control  and  actuadon  provide 
when  incorporated  in  a  smart  material  or  system.  The  paper  ranges  over  a  very  wide  spectrum 
of  applicadons  and  forms  a  very  useful  introducdon  to  the  concepts. 

A  more  specialized  family  of  'sman'  materials  are  discussed  in  appendix  S,  namely 
those  in  which  non  linearity  can  be  used  to  tune  the  response.  Examples  are  taken  in  the 
PZT;Soft  rubber  2:2  composites  where  the  non  linear  elasdcity  of  the  rubber  is  used  to  tune  the 
piezoelectric  resonance  frequency  and  in  the  PMN:PT  family  where  electric  field  control  of  the 
nano-to<macrodomain  transidon  can  be  used  to  control  both  magnimde  and  sign  of  the 
piezoelectric  response.  Appendix  6  discusses  in  some  detail  the  complex  panoply  of 
polarizadon  processes  which  contribute  to  the  piezoelectric  properties  of  the  PZTs  and  the 
electrostrictive  properties  in  the  PMN  family. 


The  imponant  characteristics  of  the  PLSnZT  family  of  high  strain  polarizatitm 
controlled  actuators  are  summarized  t^pendix  7. 


3.0 


COMPOSITE  MATERIALS 
A  summary  of  the  current  status  of  tiie  "moonie"  flextensional  type  transducer  is  given 
in  appendix  8.  The  finite  element  code  ANSYS  version  4.3  has  been  used  to  model  the  stress 
distribution  in  both  metal  and  ceramic  for  the  device  under  hydrostatic  pressure.  The  model 
highlights  the  efficacy  of  the  stress  transfer  and  shows  clearly  the  imponance  of  the  DC  stress 
bias  which  is  induced  by  the  simple  method  of  fabrication.  The  results  show  that 
dhgh  ~  50,(XX)  M2/N  is  achievable  with  a  permittivity  still  in  the  range  of  1,5(X). 
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A  nx>st  useful  discussion  of  the  hydrophone  figure  of  merit  for  a  range  of  single  phase 
and  composite  materials  is  given  in  Appendix  9.  The  conclusions  come  down  heavily  in 
favour  of  the  composite  systons  which  provide  large  gh  thickness  product,  and  the  possibility 
to  tailor  out  pyroelectric  noise.  The  fabrication  of  0:3  type  cooqrosites  using  paint  technology 
is  discussed  in  appendix  10,  and  an  unusual  type  of  0:3  composite  PbHOs:  glass  ceramic  is 
described  in  appendix  1 1. 

The  possibility  of  using  particle:polymer  composites  in  a  completely  different  way  to 
control  acoustic  impedance  and  attenuation  for  the  backing  layers  of  transducers  is  considered 
in  appendix  12.  The  paper  makes  a  systematic  analysis  of  the  factors  which  affect  acoustic 
characteristics  and  makes  recommendations  for  the  phases  and  configurations  required. 

Another  different  type  of  use  for  the  PZTrpolymer  composites  is  discussed  in  appendix 
13  which  examines  the  possibility  for  passive  damping  by  resistive  dissipation  of  the  electric 
signal  of  the  vibrating  system.  The  discussion  highlights  the  importance  of  high  piezoelectric 
coupling  for  effective  attenuation. 

4.0  THEORETICAL  STUDIES 

In  appendix  14,  earlier  work  which  calculated  the  temperature  dependence  of 
electrostriction  in  the  perovskite  SrTiOs  using  anharmonic  perturbation  theory  has  been 
finalized.  The  calculations  based  on  an  anharmonic  shell  model  which  was  used  earlier  to 
calculate  the  coefficients  of  the  static  crystal  in  shown  to  give  good  agreement  with  the 
observed  temperature  characteristics. 

In  simple  Devonshire  phenomenological  theory,  the  weak  first  order  phase  change  in 
BaTiOs  is  shown  to  arise  through  electrostrictive  coupling  Appendix  IS  musters  the 
appropriate  experimental  information  from  the  literature  to  denoonstrate  that  the  much  stronger 
first  order  phase  change  at  Tc  in  KNbOs  also  occurs  through  the  same  coupling. 

A  second  application  of  the  Devonshire  phenomenology  is  made  to  lead  titanate  in 
appendix  16  which  demonstrates  good  agreement  with  the  observed  shift  of  Tc  with  pressure, 
and  explores  the  effects  of  pressure  on  polarization,  dielectric  and  piezoelectric  constants. 

During  a  leave  of  absence  taken  at  Mitsubishi  Kasei  Corporation,  G.A.  Rossetti  carried 
out  an  interesting  study  extending  the  PZT  phenomenology  developed  by  Haun  et  al  (see  ONR 
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annual  report  for  1989)  along  the  Pbi-x  Lax  (Z1D.6S  'I^J5)l-x/4  *  O3  line  into  the  PLZT  phase 
diagram.  In  appendix  17  it  is  shown  that  in  the  X  =  0  to  0.04  region  the  results  are  consistent 
with  the  existence  of  a  local  RMS  polariziuion  which  persists  up  to  360”C  iadepcadeat  of  die 
composition  (x).  Polarization  and  reladve  phase  stabilities  were  in  good  agreement  with 
experiment  at  low  temperature,  but  at  higho'  temperature  relaxor  character  becomes  toqxxtant 
suggesting  that  polar  regions  below  5-15nm  in  diameter  became  unstable  against  thermal 
motion. 


5 . 0  ELECTROSTRICTION/RELAXOR  FERROELECTRICS 

A  general  revue  of  the  properties  of  relaxor  ferroelectrics  has  been  given  in  appendix  18 
which  highlights  their  exceptionally  large  dielectric  response  that  makes  them  particularly 
useful  for  MLC  capacitors,  electrostrictive  actuators,  agile  transducers  and  electro-optic  light 
valves.  Discussions  of  the  underlaying  "fosil"  chemistry  which  gives  rise  to  the  dispersive 
relaxor  behaviour  is  summarized  in  three  papers,  appendices  19, 20, 21.  It  is  demonstrated  in 
appendix  19  that  in  PMN  and  a  range  of  PMN:PT  solid  solutions  ordering  of  the  Mg:Nb 
cations  on  the  B  site  of  the  ABO3  structure  occurs  but  that  the  ordered  regions  are  strictly 
limited  in  extent.  In  appendix  20  it  is  suggested  that  this  local  non  stoichiometric  ordering 
gives  rise  to  very  local  polar  regions  which  are  unstable  against  thermal  disordering  at  higher 
temperatures,  and  a  number  of  relaxor  compositions  are  analyzed  to  highlight  the  correlation 
between  local  ordering  and  the  dispersive  dielectric  behaviour.  Normal  ferroelectric  or 
antiferroelectric  behaviour  is  shown  to  occur  in  either  totally  disordered  or  in  fully  long  range 
ordered  systems.  This  argument  is  further  developed  in  the  paper  presented  in  appendix  21 
which  gives  more  detail  of  the  arguments  and  the  TEM  studies  upon  which  they  are  based. 

Important  additional  experimental  information  for  the  dielectric  response  of  the 
PMN:PT  family  is  given  in  appendix  22  which  delineates  new  microwave  measurements  on 
these  ceramics.  The  extreme  shifting  of  the  dielectric  maximum  under  10  GHZ  excitation  is 
startling  but  most  important  for  later  predictive  studies. 

Perhaps  the  most  important  progress  to  date  in  the  understanding  of  relaxor  behaviour 
is  given  in  the  sequence  of  papers  presented  in  appendices  23-30.  These  studies  show  step  by 
step  in  a  systematic  manner  that  both  the  PMN  and  the  PLZT  based  relaxor  compositions  have 
all  the  expected  characteristics  of  a  dielectric  spin  glass.  In  appendix  23  the  polar  glassy  nx>del 
is  applied  to  analyze  the  frequency  dependence  of  the  dielectric  maximum  which  is  shown  to 
follow  the  Vogeh  Fulcher  relation  well  known  in  magnetic  spin  glasses.  The  freezing  of  the 
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fluctuation  component  of  polarization  is  attributed  to  a  coupling  between  die  nano  scale  polar 
regions. 

The  electric  field  behaviour  of  the  response  is  analyzed  in  iqipendix  24.  Small  electric 
fields  were  found  to  destabilize  the  local  cluster  formation  in  the  glassy  state  enhancing  the 
kinetics  of  polarization  fluctuation  .  Larger  biases  iqipear  to  destroy  the  local  fields  forming 
clusters,  destroying  the  dipole  glass  character  and  leading  to  long  range  order.  Weak  field 
dielectric  response  is  analyzed  in  more  detail  in  appendix  25  which  explores  the  distribution  of 
relaxation  times  and  the  marked  broadening  of  this  distribution  near  the  freezing  temperature  of 
the  glass.  To  explore  the  relaxor  behaviour  in  the  PLZTs  at  the  65:35  Zr:Ti  ratio  the  build  up 
of  macroscopic  polarization  on  warming  the  glassy  state  from  low  temperature  under  DC  bias 
was  explored  (appendix  26).  As  expected  the  temperamre  of  the  maximum  pyroelectric 
charging  current  decreases  with  increasing  bias  and  can  be  modelled  using  the  de  Almeida 
Thouless  relation  to  predict  an  average  local  moment  of  S.lO'^'^cm.  For  PMN,  the  quasi  static 
hysteresis  and  the  characteristic  change  from  square  loop  to  slim  loop  behaviour  have  been 
modeled  using  a  modified  Neel  equation  for  the  magnetizatimi  of  a  superparamagnet  (appendix 
28).  A  temperature  dependent  internal  dipole  field  was  introduced  to  approximate  the  cluster 
interactions. 

Finally  the  anelastic  relaxation  and  its  ctxrelation  with  the  internal  strain  behaviour  has 
been  explored  in  both  PMN  (appendix  29)  and  in  PLZT  (appendix  30).  Both  internal  and 
macro-strain  in  the  PMN  can  be  explained  through  the  electrostrictive  strains  associated  with 
local  and  global  polarizations.  In  the  PLZTs,  the  effects  are  a  little  more  complicated  due  to  a 
ferroelastic  contribution  from  the  oxygen  octahedron  tilts  which  occur  in  addition  to  the 
electrostrictive  deformations. 

We  believe  that  the  overwhelming  balance  of  evidence  now  confirms  that  the  relaxor 
fenoelectzics  are  the  dielectric  analogue  of  the  magnetic  spin  glasses.  In  some  senses  however 
the  properties  are  much  more  interesting,  because  of  the  strong  electrostrictive  couplings  in  all 
dielectric  systems. 

The  phenomenological  description  of  these  properties  is  now  almost  complete,  what 
remains  is  the  correlation  of  the  local  polarizations  with  the  fosil  chemistry  and  their  relation  to 
local  and  more  global  chemical  ordering  (Appendix  30). 
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Experimental  studies  of  the  interesting  solid  solution  system  between  lead  «mivtiiini 
tantalate  and  lead  titanate  are  discussed  in  appendix  31.  Hie  occurrence  of  a  near  moqihotrQpic 
phase  boundaiy  between  ihombohedral  and  tetragonal  fenoelectric  forms  is  shown  to  occur  at 
between  60  and  55  Vol  %  PST.  In  the  rhombohedzal  phase  a  wide  range  of  dielectric 
responses  between  diffuse  relaxor  and  sharp  fenoelectric  response  is  observed  with  increasing 
PT  content  with  very  large  Kimt  -  33,000. 

In  the  PMN:PT  family,  single  crystals  have  been  grown  using  flux  methods  (appendix 
32).  Compositions  between  0.7PMN:0.3PT  and  0.6PMN:0.4PT  exhibit  a  phase  change  fom 
rhombohedral  to  tetragonal  symmetry.  Relaxation  behaviour  again  decreases  with  increasing 
PT  content  and  dielectric  maxima  up  to  60,000  are  evident  for  fields  in  both  100  and  1 1 1 
directions.  Poled  crystals  show  very  high  piezoelectric  constants  with  d33  values  up  to 
1,500  pC/N. 

Hot  pressing  was  used  to  prepare  transparent  samples  in  the  composition  Helds 
PMN:PT  and  PST  (appendix  33).  The  objective  of  these  studies  was  to  produce  transparent 
samples  of  high  density  and  to  explore  the  effects  of  a  range  of  preparative  conditions  and  heat 
treatments  on  dielectric  and  optical  properties.  Optical  properties  of  the  0.9PMN:0.1PT 
composition  are  presented  in  appendix  34.  The  optical  dispersion  is  well  described  by  a  single 
term  Sellmeier  equation,  and  the  onset  of  micro-polar  regions  at  390°C  is  evidenced  in  the 
temperature  dependence  of  the  refractive  index. 

A  most  useful  study  of  the  hydrostatic  piezoelectric  behaviour  in  electric  field  biased 
PMN.'PT  is  given  in  appendix  34.  It  is  shown  that  very  large  values  of  d33,  d3i  and  dh  occur 
under  quite  low  driving  fields  in  the  0.9PMN:0.1FT  compositions. 

It  must  be  noted  that  the  djj  ^  2Ei  Qji  Pi  and  that  even  the  qualitative  from  of  dh  is  not 
given  by  dh  =  2£3  P3  (^.  A  clear  indication  of  the  relaxation  component  of  the  polarizability. 

6.0  OPTICAL  STUDIES 

The  optical  studies  of  the  relaxor  ferroelectrics  have  been  carried  out  largely  on  our 
DARPA  funded  nanocomposite  program  and  are  included  here  for  completeness. 

The  quadratic  electro-optic  constants  R33  and  g33  have  been  measured  for 
0.9PMN:0.1PT  and  0.93PMN:0.07PT  compositions  (appendix  35).  Both  R  and  g  constants 
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increase  with  PT  concentration.  A  more  detailed  account  of  the  optical  behaviour  for  these  hot 
pressed  compositions  is  give  in  appendix  36  which  delineates  index  dispersion,  temperature 
dq)endenoe  of  index  and  the  transverse  electcx^tic  data. 

In  an  interesting  study  of  the  optical  second  harmonic  behaviour  of  BaTi03  single 
crystals  and  powders  at  temperatures  embracing  the  Curie  Point  (Tc)  appendix  36.  It  is  evident 
that  a  small  SHG  signal  persists  after  heating  the  samples  through  Tc.  In  the  Remeika  grown 
crystal  the  signal  above  Tc  can  be  reduced  below  noise  by  annealing  but  in  high  purity  fiber 
crystals  and  in  high  purity  powders  higher  temperature  (T  >  250PC)  may  be  required.  In  the 
Remeika  crystal  it  is  likely  that  the  defect  dipole  strucnire  responsible  for  aging  stabilizes  the 
polarization  above  Tc  until  the  defects  are  randomized  by  the  thermal  treatment  For  the  higher 
purity  crystals  and  powders  the  origin  of  the  acentiicity  above  Tc  is  not  clear. 

7.0  PREPARATIVE  STUDIES 

A  careful  study  of  the  effects  of  processing  upon  the  behaviour  of  relaxor  ferroelectric 
ceramics  in  the  PMN:PT  family  is  discussed  in  appendix  37.  The  grain  size  dependence  of  the 
dielectric  properties  is  shown  to  be  dominated  by  a  grain  boundary  (extrinsic)  impedance  due  to 
a  very  thin  amorphous  layer  at  the  boundary.  Evidence  is  also  adduced  for  an  intrinsic  grain 
size  dependence  which  becomes  important  for  fine  grain  ceramics  and  may  be  critical  in  thin 
films.  Studies  on  Sm,  Gd  and  Bd  doped  PbTiOs  ceramics  (!q>pendix  38)  have  focused  cm  the 
ionic  size  effects  of  the  dopants  to  show  that  the  very  large  anisotropy  in  the  10%  Sm 
composition  (kp/kt)  can  not  be  duplicated  in  the  size  equivalent  Gd;Nd  combination. 

Techniques  for  forming  thin  PMN:PT  films  by  sol-gel  methods  are  discussed  in 
appendix  39.  Highly  (III)  oriented  films  with  more  that  95%  perovsldte  structure  have  been 
formed. 

A  more  comprehensive  study  of  grain  and  particle  size  effects  on  the  pure  PMN  relaxOT 
is  given  in  appendix  39. 

Reactive  calcination  was  used  to  prepare  ultra  fine  70  nanometer  particulates  which 
were  densified  by  uniaxial  hot  pressing  to  form  materials  with  grain  size  in  the  range  0.3  to  6  p 
meters. 
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From  dielectric  q)ecm>scopy  on  bodi  ceramics  and  0:3  polymer  ceramic  oonq)osites  it 
was  concluded  that  an  intrinsic  low  permittivity  surface  region  (K  ~  300)  better  describes  the 
behaviour  than  the  conventional  extrinsic  boundary  phase  model  at  the  smaller  grain  sizes. 

The  columbite  precursor  method  was  used  to  produce  Lanthanum  modified  PMN:PT 
compositions  close  to  the  morphotropic  phase  boundary  (appendix  40).  The  lanthanum 
addition  appears  to  refine  the  grain  structure  1  pm)  giving  high  dielectric  constant 

Ks  ~  5,000  and  d33  -  500  pC/N. 

Attempts  to  produce  highly  ordered  Lead  and  Barium  Indium  Miobates  and  Tantalates 
(PIN,  BIN  and  BIT)  as  low  loss  antifcrroelectrics  were  frustrated  (appendix  41)  by  the 
appearance  of  the  pyrochlore  phase  for  all  conditions  of  annealing  which  were  explored. 

The  concepts  associated  with  the  preparation  of  fine  powders  of  the  lead  based 
perovskites  by  using  the  very  large  volumetric  expansion  which  occurs  on  clacination  is 
explored  in  appendices  42,  43, 44  and  45.  Conditions  to  achieve  the  optimum  states  of  soft 
agglomeration  are  discussed  in  appendix  42.  The  application  of  the  method  to  forming 
powders  from  fine  grained  (1  ~  2  pm)  dense  PZT  ceramics  with  properties  equivalent  to 
normal  large  grain  materials  are  discussed  in  43.  Application  to  a  wider  range  of  PbTi03, 
PbZi03,  PZT  and  PMN  compositions  is  discussed  in  44  and  the  benefits  which  can  be  derived 
from  the  low  sintering  temperatures  for  these  highly  reactive  powders  are  explored.  In 
appendix  45,  the  possible  application  of  the  large  volumetric  expansion  to  the  production  of 
highly  porous  ceramics  which  can  now  be  fabricated  without  a  fugitive  binder  phase  are 
examined. 

8.0  MISCELLANEOUS  STUDIES 

Faculty  and  Students  partially  supponed  on  this  program  have  been  associated  with  a 
number  of  feiioelectric  developments  wfakh  are  rqxnted  here. 

Exploratory  studies  have  been  accomplished  to  develop  a  laser  heated  pedestal  growth 
technique  for  single  crystal  fibers  (Appendix  46).  The  original  system  at  Bell  Communication 
Red  Bank  was  improved  and  an  updated  system  build  in  MRL.  A  number  of  perovskite, 
pyrochlore  tungsten  bronze  and  ftesnoite  structure  ferroelectrics  and  polar  crystal  have  been 
grown  as  single  crystal  fibers. 
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Studies  of  the  incommensurate  phase  in  fresnoite  (Ba2TiSi208)  are  described  in 
appendix  47,  and  the  unusual  low  tenq>erature  phase  transition  in  the  germanium  analogue 
Ba2'nGe208  is  suggested  to  be  a  lock-in  oansitioo  (Appendix  48).  The  elastic  anomaly  which 
accompanies  the  incommensurate  change  in  fieanotte  is  examined  in  qipendix  49.  Pyroelectric 
and  dielectric  properties  of  the  crystal  hemicmotphite  Zn2Si207  (0H)2H20  (appendix  50) 
show  that  this  material  is  highly  pyroelectric  (-45  pCVm2**C)  at  room  temperature  with  low 
dielectric  constant  and  very  weak  piezoelectricity,  suggesting  that  it  may  be  a  most  useful 
pyroelectric  crystal 
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Abstract 

Structure-property  relationships  in  electronic  ceramic  materials  are  reviewed 
to  provide  insight  into  the  behavior  of  capacitors,  thermistors,  varistors,  and 
other  electroceramic  components.  Rapid  progress  in  the  integration  and 
miniaturization  of  ceramic  components  has  led  to  the  development  of  multi¬ 
purpose  electronic  packages  containing  comple.x  three-dimensional  circuitry. 
At  the  same  time,  a  wide  variety  of  smart  sensors,  transducers,  and  actuators 
ore  being  constructed  using  composite  materials  to  concentrate  fields  and  forces. 
At  present,  the  processing  methods  make  use  of  tape  casting  and  thick  film 
techniques,  but  several  upset  technologies  loom  on  the  horizon.  During  the  years 
ahead,  electroceramic  devices  can  be  e.xpected  to  follow  in  the  footsteps  of 
semiconductor  technology  as  the  component  sizes  drop  below  1  ^m,  and 
nanocomposite  devices  become  a  reality. 


1  ELECTROCERAMICS  MARKET 

The  multibillion  dollar  electroceramics  market  (Fig.  1)  includes  Mn-Zn 
ferrites,  PZT  transducers,  BaTiOj  multilayer  capacitors,  ZnO  varistors, 
ALOj  packages,  andSiOi  optical  fibers.  Roughly  speaking,  the  market  is 
divided  into  six  equal  parts  (Japan  Electronics  Almanac,  1986).  Rapidly 
developing  technologies  can  be  identified  within  each  market  segment: 
tellurium  oxide  coatings  for  video  disks,  barium  hexaferrites  for  perpen¬ 
dicular  recording  silver  and  cooper  electrode  systems  for  multilayer 
capacitors,  buried  resistors  and  capacitors  in  ceramic  packages,  catalytic 
coatings  for  chemical  sensors,  and  PZT  piezoelectric  motors.  As  in  all 
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Fig.  1  Electroceramics  market. 


rapidly  evolving  fields  of  science  and  engineering,  there  is  a  sense  of 
excitement  as  a  number  of  different  technologies  come  together  in  a 
synergistic  manner. 

2  CERAMIC  SENSORS 

The  most  economical  and  most  widely  used  sensors  are  ceramic  bodies.* 
To  illustrate  structm-e-property  relationships  in  ceramic  sensors,  six  types 
of  sensors  will  be  described— three  chemical  sensors  and  three  thermistors. 
The  sensors  make  use  of  a  variety  ofelecti'ical  phenomena  sensitive  to  small 
changes  in  chemical  composition  or  temperature. 

2.1  Oxygen  Sensors 

Superionic  conductors  are  used  to  determine  the  air/fuel  mixture  in 
automobile  engines.^  One  surface  of  the  conductor  is  in  contact  with  exhaust 
gas  through  a  porous  electrode  (Fig.  2),  while  the  opposite  surface  is  in  con¬ 
tact  with  air.  The  diffusion  of  oxygen  ions  through  the  solid  electi'olyte 
causes  a  voltage  to  appear  between  the  electrodes.  Heating  the  sensor  raises 
the  conductivity  level.  Monitoring  the  composition  of  the  air/fuel  mixtm'e 
results  in  greater  fuel  efiiciency  and  reduced  air  pollution. 

Stabilized  zirconia  is  the  most  widely  used  ionic  conductor  for  oxygen 
sensom.  Partial  substitution  of  Mg^  * ,  Ca^  ,  or  Y’  *  for  zirconium  stabilizes 
the  cubic  fluorite  structm'e  with  a  sizable  concentration  of  oxygen  vacan¬ 
cies.  An  oxygen  vacancy  is  created  for  every  zirconium  replaced  by 
magnesium,  as  indicated  by  the  structui*al  formula  (Zri-xMgJCOi-xDx). 
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Fig.  2  (a)  Automotive  exhaust  sensor  using  stabilized  Zr02  as  an 
ionic  conductor,  (b)  Improved  fuel  efllciency  is  obtained  by  monitor¬ 
ing  the  sensor  voltage  and  adjusting  the  air/fuel  mixture 
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Fig.  3  Stabilized  zirconia  is  an  excellent  ionic  conductor  because 
of  a  high  concentration  of  oxygen  vacancies  and  the  close  proximity 
of  anion  sites. 


Magnesium  replaces  zirconium  in  the  cubic  cation  sites  of  the  fluorite  struc- 
tuie  (Fig.  3),  with  oxygen  vacancies  compensating  for  the  lower  cation 
charge.  In  the  fluorite  structui-e,  the  cations  form  a  face-centered  cubic 
lattice,  and  the  anions  have  a  simple  cubic  arrangement.  The  anion  sites 
are  very  close  to  one  another  ( -  2.5  A )  making  it  easy  for  oxygens  to  jump 
to  an  adjacent  empty  site  Tliis  promotes  ionic  conductivity  in  fluordte-family 
oxides  with  defect  structures,  making  them  useful  as  oxygen  sensors.^ 

2.2  Humidity  Sensors 

Humidity  sensors  are  used  in  microwave  ovens  and  for  electronic  spark 
timing  in  automobile  engines.  The  surface  resistance  changes  by  several 
orders  of  magnitude  with  humidity  (Fig.  4).  Metal  oxide  substrates  of 
MgCr204-Ti02  with  high  surface  area  and  salt-impregnated  coatings  are 
especially  sensitive  to  small  changes  in  humidity.^  The  physical  mechanism 
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Fig.  4  Electrical  resistance  of  an  oxide  humidity  sensor/ 


of  surface  conduction  involves  the  adsorption  of  water  vapor  followed  by 
dissociation  into  hydronium  and  hydroxyl  ions: 


2H2O  -  (H3O)*  +  (OH) 

Conduction  takes  place  by  means  of  the  Grotthuss  chain  reaction,  in  which 
protons  are  transferred  from  one  water  molecule  to  the  next  in  the 
physisorbed  water  layer  on  the  suidace  of  the  oxide,  effectively  passing  along 
a  hydronium  ion  in  the  du-ection  of  the  current. 

The  process  is  illustrated  in  Fig.  5.  As  reported  recently,  hydi'oxyapatite 
ceramics  make  particularly  effective  humidity  sensors  because  of  the 
atti-active  forces  between  surface  h3'droxyl  gi'oups  and  adjacent  water 
molecules.  The  chemisorbed  laj'er  is  surmounted  by  a  phj^sisorbed  layer  in 
which  conduction  takes  place.  At  high  humidity  levels,  a  deeper,  more  fluid¬ 
like  surfacelayer  is  formed  and  the  conduction  mechanism  changes. 
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Fig.  5  Pictorial  view  of  the  sm-face  structui  e  of  a  hjdroxyapatite 
humidity  sensa*.  Conductioi  takes  place  via  a  Grotthuss  chain 
reaction  in  the  adsorbed  water  layers. 


2.3  pH  Sensors 

Oxide  pHsensors  are  made  fromsemiconducting  transition-metal  oxides 
such  as  RuQz  and  IrOz.*  Both  compounds  ai-e  isostructuial  with  rutile  (Fig. 
6a).  WTien  protons  approach  the  sui-face  of  the  oxide,  a  chemical  reaction 
takes  place.  Two  protons  combine  with  a  sui'face  oxygen  to  form  a  water 
molecule  The  reaction  is  accompanied  by  valence  changes  of  the  rutlienium 
ions  to  maintain  chai'ge  neutrality.  Electrons  liberated  from  the  metal  ions 
complete  the  reaction  and  cause  a  cuiTent  to  flow  in  the  solid.  The  resulting 
voltage  depends  on  the  hydrogen  ion  concentration  (Fig.  6b). 

The  three  chemical  sensors  described  above  all  involve  ion  motion,  but 
in  a  different  way.  Bulk  ionic  conduction  occurs  in  the  zu'conia  oxygen  sensor, 


Fig.  6  (a)  IVansition  metal  oxides  ai'e  used  as  pH  sensors  in  which 
protons  react  with  surface  oxygens  to  form  w’ater  molecules.  Tlie  reac¬ 
tion  is  accompanied  by  valence  changes  and  cuirent  flow  in  the  solid. 

(b)  The  resulting  electric  voltage  is  proportional,  to  pH.^ 

whereas  suface  ionic  conduction  takes  place  in  a  humidity  sensor.  In  the 
pH  sensor,  a  chemical  reaction  takes  place  at  the  sux'face  between  protons 
and  oxygen  ions. 

In  the  next  section,  three  temperatui'e  sensors  are  discussed,  again  with 
three  diflerent  structure-property  relationships,  but  this  time  the  sensing 
involves  electron  motion  rather  than  ion  motion. 
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Fig.  7  T^'pically,  the  electrical  resistance  of  thermistors  change  by 
several  orders  of  magnitude  with  temperature.  In  negative 
temperature  coefficient  thermistors,  the  resistance  decreases  steadily 
with  increasing  temperature,  but  sudden  changes  at  phase  transi¬ 
tions  aie  involved  in  positive  temperature  coefficient  and  critical 
temperature  thermistors. 


3  THERMISTORS 

Three  types  of  ceramic  themistors  are  in  widespread  use— critical 
temperatui'e  thermistors,  negative  temperatui’e  coefficient  (NTC)  ther¬ 
mistors,  and  positive  temperature  coefficient  (PTC)  thermistors.  Typical 
resistance  changes  with  temperatui’e  are  illustrated  in  Fig.  7. 

3.1  Critical  Temperature  Thermistors 

Vanadium  dioxide  is  often  used  in  critcal  temperature  thermistors.  Below 
80  °C,  VO2  is  a  semiconductor  with  a  negative  temperatui'e  coefficient  of 
resistance.  Above  80  “C,  it  exhibits  metallic  behavior  with  a  great  increase 
in  conductivity  (typically  two  orders  of  magnitude)  and  very  little  change 
with  temperature.  The  critical  temperature  of  80  ®C  can  be  modified 
somewhat  by  changes  in  chemical  composition. 

The  V*  *  ion  in  VO2  has  a  peculiar  electron  configuration  with  one  3d 
electron  outside  a  closed  shell.  In  the  low-temperature  state,  adjacent  * 
ions  form  electron  pair  bonds,  giving  rise  to  a  band  gap  and  semiconductor 
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Fig.  8  Structural  changes  take  place  in  the  VO2  ceramics  used  as 
critical  temperature  thermistors.  At  the  metal  semiconductor  tran¬ 
sition,  the  resistance  changes  by  several  oixlers  of  magnitude  and  the 
bond  lengths  change.  At  high  temperature,  the  metal-like  structure 
is  isomorphous  with  tetragonal  rutile,  but  changes  to  the  semicon¬ 
ducting  monoclinic  state  below  80  °C. 


behavior.  A  phase  transition  takes  place  at  80  ”0,  in  which  the  3d  electrons 
are  liberated  from  the  pair  bonds  and  ai'e  free  to  conduct  electricity.  Changes 
in  the  crystal  structui'e  (Fig.  8)  accompany  the  phase  transformation.  The 
rutile-like  structure  found  at  high  temperatures  transforms  to  a  distoiled 
monoclinic  form  below  80  “C.  The  formation  of  electron  pair  bonds  is 
reflected  in  the  interatomic  distances.  In  the  rutile  structure,  the 
distance  across  shared  octahedral  edges  is  2.9  A .  Below  the 
transition,  half  are  2.7  A  and  half  are  3.1  A.  This  distortion  in  structui-es 
locks  the  electrons  into  localized  states,  creating  a  band  gap  and  semicon¬ 
ducting  behavior. 
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3.2  Negative  Temperature  Coefficient  Thermistors 

Electrical  resistance  decreases  exponentially  with  increasing 
temperatuie  in  an  negative  temperatui'e  coefficient  thermistor.  Unlike 
critical  temperatui*e  thermistors,  them  is  no  phase  transition  involved.  Most 
negative  temperature  coefficient  thermistors  are  composed  of  doped 
transition-metal  oxides.^  IVpical  of  these  controlled  valency  semiconductoi's 
are  FeiOaTi  and  NiO:Li.  Reacting  Fe203  with  Ti02  in  air  yields: 

(1  -  x)Fe203  +  xTiOi  -*  FelUxFel^Tii^Os 

This  is  an  n-type  semiconductor  in  which  electrons  are  transferred  between 
iron  atoms  of  different  valence. 

Fe^^  +  e'  -  Fe^+ 

The  electron  concentration  and  electrical  resistivity  are  controlled  by  the 
titanium  content;  p-type  negative  temperature  coefficient  thermistors  are 
made  from  nickel  oxide  doped  with  lithium. 

(1  -  x)NiO  +  ^  LhO  -  Niit2xNi^Li;rO 

Tile  hole  conduction  process  involves  chai  ge  transfer  between  divalent  and 
trivalent  nickel  ions; 


Ni^^  +  h®  ~  Ni*-" 

Doped  nickel  oxide  has  the  rocksalt  structure  (Fig.  9a),  with  lithium 
partially  replacing  nickel  in  the  cation  sites.  Ionic  radii  for  Ni^  (0.84  A ), 
Ni^  *  (0.74  A),  and  Li (0.88  A)  all  favor  octahedral  coordination  with 
oxygen.  As  shown  in  Fig.  9b,  resistivity  decreases  with  increasing  lithium 
content.  Color  is  another  indication  of  increased  conductivity.  The  green 
color  of  pure  nickel  oxide  deepens  to  black  with  increased  doping. 

For  semiconducting  compositions  near  Nio,95Lio.o50,  the  band  gap  is 
about  0.15  eV.  The  physical  origin  of  this  band  gap  is  attributed  to  the 
attractive  forces  between  Li  *  dopant  ions  and  the  compensating  Ni^  * 
ions.  Charge  is  neutralized  best  when  these  ions  are  next  nearest 
neighbors  (Fig.  9a).  Polarization  of  the  surrounding  structm-e  also  con¬ 
tributes  to  the  band  gap  energy. 

Electrical  conductivity  is  proportional  to  the  charge  carrier  concentra¬ 
tion  n,  the  charge  of  each  carrier  q,  and  the  mobility  /t: 


a  =  nq/t 

In  thermistor  materials,  the  temperatui'e  dependence  of  the  conductivity 
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Fig.  9  Nickel-doped  oxide  thermistor,  (a)  The  ciystal  consists  of 
Nr* ,  Ni^* ,  and  Li  *  ions  in  a  rocksalt-like  solid  solution,  (b)  Room- 
temperature  electi'ical  resistivity  decreases  with  increasing  lithium 
content. 


is  of  great  importance.  Both  n  and  n  depend  on  temperature.  For  a 
semiconductor,  the  carrier  concentration  varies  exponentially  with 
temperature,  n»exp(-E/kT),  where  E  is  the  energy  required  to  liberate 
charge  carriers.  The  temperature  dependence  of  the  mobility  depends  on 
its  physical  origin.  For  most  scattering  processes,  mobility  follo\\’S  an  inverse 
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Fig.  10  Dependence  of  resistance  on  temperature  for  typical 
negative  temperature  coefficient  thermistors.  R  decreases  by  about 
4%  for  each  degree  increase  in  temperature. 


power  law  (fisT"**),  in  which  mobility  decreases  with  increasing 
temperature  because  of  atomic  thermal  vibration.  A  different  temperature 
dependence  is  found  for  hopping  processes.  Here  the  mobility  depends  on 
thermal  excitation  and  increases  exponentially  with  temperature, 
[i  =  exp(E  '/kT).  Summing  up,  the  temperature  dependence  of  the  electrical 
conductivity  is: 


a(T)  »»  =  T” 

Because  exponentials  tend  to  dominate,  the  electrical  resistance  of  a 
negati\'e  temperature  coeflicient  thermistor  can  be  described  by: 

R  =  Ae^'T 

For  typical  thermistora  (Fig.  10),  R  lies  in  the  range  1  to  10^  11,  and  B  is  2000 
to  6000  K.  The  temperatui  e  coeflicient  a  describes  the  percentage  change 
in  resistance  with  increasing  temperature: 

a  =  i-  _i_(Ae<*^  = 

R  dT  R  dT  IF 

If  /3  =  3600  K  and  T  =  273  K,  a  is  approximately  4%/"C. 
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Negative  temperature  coefncient  thermistors  are  used  in  flow  meters,  in 
which  the  velocity  is  measured  by  monitoring  the  temperature  diflerence 
between  two  thermistors.  A  heater  positioned  between  the  two  thermistore 
provides  the  temperature  diflerenca  Thermistors  are  also  used  as  inrush 
limiters  to  protect  diodes,  fuses,  switches,  and  light  bulbs.  The  sudden  sui'ge 
of  cun-ent  that  occurs  when  a  light  bulb  is  tui*ned  on  often  ruptui'es  the  bulb 
filament  With  an  negative  temperature  coefiflcient  thermistor  in  series  wdth 
the  bulb,  the  energy  of  the  initial  surge  is  dissipated  as  heat  in  the  thermistor. 

3.3  Positive  Temperature  Coefficient  Thermistors 

Positive  temperature  coefficient  thermistors  differ  from  negative 
temperature  coefficient  thermistors  in  several  important  respects.  The 
resistance  of  a  positive  temperatm^e  coefficient  thermistor  increases  with 
temperature,  but  only  over  a  Umi ted  temperature  range  near  a  phase  tran¬ 
sition.  The  resistance  change  is  very  large  at  this  temperatui*e  because  of 
grain  boundary  effects.’ 

Barium  titanate  ceramics  are  widely  used  in  positive  temperature  co¬ 
efficient  thermistors.  When  doped  with  donor  ions  such  as  La^  or  Ce^ 
(for  Ba’  ■*■)  or  Nb^  (for  Ti^  ),  the  resistivity  material  shows  a  pronounced 
positive  temperature  coefficient  effect  (Fig.  11a).  This  low-resistivity 
material  shows  a  pronounced  positive  temperature  coefficient  effect  (Fig. 
11b)  if  fired  in  air.  Only  normal  negative  temperature  coefficient  behavior 
is  observed  in  ceramics  prepared  in  a  reducing  atmosphere. 

Explanation  of  the  positive  temperatui'e  coefficient  effect  rests  upon 
understanding  the  defect  structure.  When  sintered  at  high  temperatui-e, 
lanthanum-doped  BaTiOj  becomes  an  n-type  semiconductor: 

Bai-,La.Ti03  =  Bait.La^Tilt.Ti^O!- 

with  conduction  taking  place  via  transfer  of  electrons  between  titanium  ions 
as  Ti^  ■*■  +  e“  —  Ti^  *.  Thus,  the  barium  titanate  grains  in  the  ceramic  are 
conducting  and  remain  conducting  on  cooling  to  room  temperature. 

However,  the  grain  boundary  region  changes  during  cooling.  Oxygen  is 
adsorbed  on  the  surface  of  the  ceramic  and  diffuses  to  gi'ain  boundary  sites, 
altering  the  defect  structure  along  the  gi*ain  boundaries.  The  added  oxygen 
ions  attract  electrons  from  nearby  Ti*  *  ions,  thereby  creating  an  insulating 
barrier  between  gi’ains.  Ify  excess  oxyg^en  ions  are  added  per  formula  unit, 
the  gi'ain  boundary  region  can  be  described  as  follows; 

(Ba5t.La^)  (Tilt.^jyTiJt  2y)  05;y 

A  schematic  illustration  of  the  defect  perovskite  structure  is  shown  in  Fig  12. 
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Fig.  11  (a)  Resistivity  of  cerium-doped  barium  titans te, 
Bai  -  jCexTiOj ,  plotted  as  a  function  of  composition,  (b)  Resistivity  of 
tlu’ee  cerium-doped  barium  titanate  ceramics  measured  as  a  func¬ 
tion  of  temperature  A  large  positive  temperature  control  anomaly 
occurs  near  the  Curie  temperature 


The  net  result  of  this  process  is  that  the  ceramic  consists  of  semiconducting 
grains  separated  by  thin  insulating  grain  boundaries.  The  electrical 
resistance  of  the  ceramic  is  inversely  proportional  to  grain  size  because 
smaller  gi*ains  mean  more  insulating  grain  boundaries  and  tlierefore  higher 
resistance. 
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Fig.  12  Schematic  view  of  the  Bai_*LaxTi03  structure  near  the  sur¬ 
face  of  a  grain  boundary.  Atmospheric  oxygen  dissociates  and  diffuses 
rapidly  ^ong  a  grain  boundary  where  the  atoms  attract  electrons 
and  form  insulating  barriers. 


Tb  explain  the  positive  temperature  coefficient  effect,  it  is  necessary  to 
consider  the  ferroelectric  phase  transition  in  BaTiOj  and  its  effect  on  the 
insulating  baiTiers  between  grains.’  Barium  titanate  is  cubic  and  para- 
electric  above  130  "C,  its  Curie  temperatui  e.  Below  this  temperature,  the 
perovskite  structure  distorts  to  a  tetragonal  ferroelectric  state  in  which  a 
large  spontaneous  polarization  P,  develops  on  the  (001)  faces.  The  dielec¬ 
tric  constant  reaches  a  maximum  at  Tc  and  then  falls  off  in  the  high- 
temperature  paraelectric  state  following  a  Cui  ie-Weiss  law: 

K=  — ^  forT  >  Tc 
T-  Tc 

The  Curie  constant,  C,  is  about  10’  ®C. 

The  positive  temperature  coefficient  anomaly  in  doped  BaTiOj  occurs  at 
temperatures  near  T*  and  is  strongly  affected  by  the  appearance  of  ferro- 
electricity.  Both  the  spontaneous  polai'ization  and  the  Curie-Weiss  law  play 
an  important  role  in  the  positive  temperatui'e  coefficient  effect. 

At  room  temperature,  the  resistance  of  a  positive  temperatui-e  coefficient 
thermistor  is  low,  because  the  electron  charge  trapped  in  grain  boundary’ 
regions  is  partially  neutralized  by  spontaneous  polai'ization.  \Vherever  the 
domain  structui'e  is  advantageously  positioned,  positive  polarization  charge 
will  cancel  the  negatively  charged  barriers  between  conductive  grains, 
thereby  establishing  low  resistance  paths  across  the  ceramic  (Fig.  13a). 


000  /  Science  of  Advanced  Materials 


Fig.  13  (a)  At  temperatures  below  Tc,  spontaneous  polarization 
charges  neutralize  the  potential  energy  barriers,  creating  low 
resistance  paths  through  the  ceramic  (b)  Above  Tc,  the  dielectric  con¬ 
stant  decreases  causing  the  electrical  resistance  to  increase 


Above  Tc,  the  spontaneous  polarization  disappears  and  the  resistivity 
increases,  giving  rise  to  the  positive  temperatui'e  coeHlcient  edect.  At  first, 
the  increase  is  very  slow  because  of  the  high  dielecti'ic  constant  at  the  Curie 
point.  The  baiTier  height  is  inver^ly  proportional  to  the  dielectric  constant 
of  the  surrounding  medium;  a  highly  polarizable  medium  shields  the 
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charges  trapped  at  the  grain  boundary,  reducing  the  height  of  the  barrier 
and  the  electrical  resistance.  As  the  temperatui*e  increases  further  above 
Tc,  the  dielectric  constant  K  decreases  rapidly  in  accordance  with  the  Curie- 
Weiss  law.  Decreases  in  K  cause  rapid  increases  in  the  bander  between 
grains  and  an  increase  in  the  electric  resistanca  Eventually,  the  resistance 
ino  ease  levels  off  as  the  decrease  in  dielectric  constant  slows  and  the  normal 
negative  temperature  coefficient  effect  of  the  semiconducting  grains  takes 
over  (Fig.  13b). 

Positive  temperature  coefficient  thermistors  ai-e  used  as  protection  against 
overvoltage  and  short  circuits.  When  connected  in  series  with  the  load,  a 
positive  temperatuie  coefficient  thermistor  limits  the  cuirent  to  safe  levels. 
Large  cuiTents  cause  the  temperature  of  the  thermistor  to  rise  into  the 
positive  temperature  coefficient  range,  thereby  raising  the  resistance  and 
lowering  the  current.  Additional  applications  include  liquid  level  indicators 
and  thermostat  control  elements. 

To  summarize,  the  ceramic  sensors  described  above  make  use  of  six 
different  structme-property  relations.  The  humidity  sensor  involves  ionic 
conduction  on  surfaces  with  proton  hopping  between  absorbed  water 
molecules,  whereas  the  zirconia  oxygen  sensor  involves  bulk  ionic  conduc¬ 
tion  through  grains.  In  metal-oxide  pH  sensors,  a  chemical  reaction  takes 
place  at  the  surface  with  protons  reacting  with  surface  oxygen  atoms. 

The  thi'ee  types  of  temperature  sensei's  discussed  in  the  last  section  make 
use  of  electronic  phenomena  in  ceramics.  Critical  temperature  thermistors 
employ  a  structural  phase  transformation  in  which  the  bulk  electronic 
condition  changes  from  metallic  to  semiconducting.  A  phase  transforma¬ 
tion  is  also  involved  in  positive  temperatiue  coefficient  thermistors,  but 
grain  boundaries  are  important  here  Schottky  barriers  between  the  con¬ 
ducting  ceramic  grains  are  neutralized  by  the  spontaneous  polarization 
associated  with  the  ferroelectric  phase  transition  in  BaTiOj.  This  is  a  much 
more  complicated  conduction  phenomenon  than  that  in  an  negative  tem¬ 
perature  coefficient  thermistor.  Bulk  electronic  conduction  controls  the 
resistivity  of  the  transition  metal  oxides  used  in  negative  temperature  co¬ 
efficient  thermistors. 

% 

4  METAL  OXIDE  VARISTORS 

Vai'istors  are  ceramic  semiconductors  with  a  nonlinear  current- voltage 
relationship  (Fig.  14).  At  low  voltages,  the  varistor  behaves  like  a  negative 
temperature  coefficient  thermistor  with  small  temperatui-e-dependent  cui'- 
rents.  At  a  certain  critical  breakdown  voltage  Vjj ,  however,  the  resistance 
suddenly  diminishes  and  cunents  increase  di'amatically.  Tlie  phenomenon 
differs  from  normal  electric  breakdown  in  that  the  I-V  characteristic  is 
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Fig.  14  Typical  I-V  relation  for  a  ZnO  varistor.  The  cmrent  increases 
very  rapidly  at  the  breakdown  voltage  Vb. 
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Fig.  15  Unit  cell  of  the  hexagonal  ZnO  structure  used  in  varistors. 
Lattice  parameters  are  a  x  3.24,  c  »  5.19  A. 
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Fig.  16  (a)  Schottky  barrier  caused  a  double  depletion  layer  in  a 
ZnO  varistor.  Band  bending  is  caused  by  donor  electrons  from  the 
zinc  oxide  grains  filling  traps  in  the  thin  bismuth  oxide-rich  layer 
between  grains,  (b)  At  low  voltages,  conduction  takes  place  by 
thermal  activation,  but  at  (c)  the  breakdown  voltage  tunneling 
begins,  causing  a  very  large  increase  in  current. 


reversibls  sind  controllabl6  by  ths  ceramic  nucrostructure.  Like  the  positive 
temperature  coefficient  thermistor,  the  electrical  properties  are  goverr-i 
primarily  by  thin  insulating  harriers  at  the  grain  boundaries.  In  the  case 
of  varistors,  however,  electron  tunneling  is  involved. 
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Fig.  17  Varistors  are  used  to  protect  electrical  contacts  and  loads 
against  inductive  surges. 

Most  varistors  are  made  from  zinc  oxide  with  additives  of  several  percent, 
ZnO  has  the  hexagonal  wurtzite  structure  (Fig.  15)  with  tetrahedi'al'  Zn  -  0 
bonds  of  1.97  A.  A  typical  commercial  composition  for  varistors  is; 

(100  —  x)  ZnO  +  —  (Bi203  +  ZSb^Oj  +  C02O3  +  Mn02  +  Cr20j) 

6 

where  x  is  the  mole  percent  additives.  Excellent  varistor  action  is  obtained 
for  compositions  with  '* '  -we  range  of  3  to  10%.  The  phase  relations  ai-e 
rather  complex,  but  when  fired  at  1350  “C,  there  are  only  two  important 
phases  The  vaidstor  microstructui-e  consists  of  doped  ZnO  grains  separated 
by  doped  Bi203  gi'ain  boundaiy  regions.  TEM  micrographs  show  that  the 
bismuth  oxide  layer  is  extremely  thin  (<  30  A)  in  many  places.  This  plays 
an  important  role  in  the  conduction  process. 

Electrically,  the  ceramic  varistor  consists  of  conducting  ZnO  grains  with 
resistivities  near  1  fi-cm,  separated  by  insulating  Bi203-rich  gi*ain  boun¬ 
daries.  The  grains  are  n-type  and  the  boundaries  p-type.  Electrons  near  the 
boundaries  are  trapped  in  the  intergranular  Bi203-rich  regions  leaving 
ionized  donors  on  both  sides  of  the  boundary.  The  result  is  a  symmetric 
Schottky  barrier  about  0.8  eV  in  height  (Fig.  16a). 

The  nonlinear  I-V  characteristic  (Fig.  14)  of  a  varistor  can  be  explained 
in  terms  of  the  Schottky  barrier  model.  At  low  voltages,  in  the  prebreakdown 
region,  charge  carriers  surmount  the  Schottky  barrier  by  thermal  activa¬ 
tion  (Fig.  16b),  giving  rise  to  small  temperature-dependent  cuiTents.  As  the 
applied  voltage  approaches  Vb  ,  the  breakdown  voltage,  tunneling  from  the 
Tilled  states  in  the  intergi'anular  region  begins  (Fig.  16c).  Fuither  increases 
in  voltage  resuit  in  very  large  cunent  flows  through  tunneling. 

Metal  oxide  ceramic  vaidstors  ai-e  used  to  protect  ciz’cuit  elements  against 
inductive  sui'ges,  which  often  damage  contacts,  relays,  and  rectifies.  By  con¬ 
necting  the  varistor  in  parallel  with  the  circuit  element  (Fig.  17),  any  voltage 
spikes  gi'eater  than  Vb  cause  currents  to  flow  through  the  varistor  rather 
than  the  circuit  element.  Zinc  oxide  vai’istors  have  proved  especially  useful 
as  lightning  arrestors.'® 
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Fig.  18  (a'*Resistivityof  the  newly  discovei’ed  1-2-3  cuprate  ceraunics. 
(b)The  structure  contains  many  missing  oxygen  atoms  in  the  Cu-0- 
Cu  chains  along  the  top  edge  of  the  unit  cell.** 


5  SUPERCONDUCTING  CERAMICS 

Until  3  yeai's  ago,  it  was  taken  for  granted  that  superconducting  transition 
temperatures  were  limited  to  25  K.  However,  with  the  discovery  of 
lanthanum  strontium  cuprate,'*  the  temperatui'e  doubled,  and  doubled 
again  with  YBa2Cuj07,  the  so-called  1-2-3  compound.'^  The  triple  perov- 
skite  unit  cell  CFig.  18)  contains  seven  oxygen  and  two  empty  oxygen  sites.  *^ 

The  mechanism  of  superconductivity  in  tlie  copper  oxide  family  is  not  well 
understood.  In  the  theoi'y  put  forward  for  metallic  superconductors,  an 
electron  moving  tlwough  the  lattice  attracts  or  repels  ions,  causing  them 
to  vibrate.  This  quantum  of  vibrational  enei-gy  (phonon)  represents  an 
attractive  force  to  another  electi-on  with  opposite  magnetic  spin  and  momen¬ 
tum  in  such  a  way  that  the  two  move  in  synchronized  motion.  The  paired 
electrons  may  be  far  apart  and  separated  by  other  particles,  but  they  are 
indirectly  linked,  as  if  by  a  spring.  Each  and  every  motion,  even  a  collision 
with  the  lattice,  is  cancelled  by  the  partner’s  movement.  Moreover,  such 
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Cooper  pairs  travel  in  concert  with  other  padrs  so  that  conduction  electrons 
move  together  with  remai'kable  orderliness. 

The  phonon  links  between  electrons  are  so  tenuous  that  they  remain  in¬ 
tact  only  at  very  low  temperatures.  Even  a  little  heat  is  sufficient  to  over¬ 
come  the  phonon  attraction  and  destabilize  the  superconducting  state.  The 
Bardeen-Cooper-Schiefier  (BCS)  theory  predicts  an  upper  limit  to  the 
strength  of  the  interaction  with  a  Tc  of  30  to  40  K.  This  suggests  that  there 
must  be  another  coupling  mechanism  in  the  high  Tc  copper  oxides.  Atten¬ 
tion  is  presently  focused  on  the  copper-oxygen  planes  and  chains  found  in 
all  high  Tc  ceramics.  Most  of  the  theories  formulated  during  the  past  year 
involve  the  peculiar  bonding  between  copper  and  oxygen  atoms.  Normally, 
copper  has  a  valence  of + 1  or  +2  in  minerals  and  oxide  ceramics,  but  in  the 
superconductoi's  its  valence  exceeds  two.  Alternatively,  an  unusual  valence 
of  —  1  can  be  assigned  to  some  of  the  oxygen  ions.  The  presence  of  “excess” 
oxygen  is  crucial  to  the  existence  of  superconductivity. 

Three  alternative  mechanisms  have  been  propounded  to  explain  the 
coupling  of  Cooper  pairs  in  superconducting  cuprates.  Closely  related  to  the 
BCS  theoiy  is  an  excitonic  model  in  which  electron-hole  pairs  (excitons)  per¬ 
form  the  same  function  as  phonons  in  superconducting  metals.  Another 
BCS-like  model  involves  magnetic  interactions  as  a  coupling  mechanism. 
Ferromagnetic  regions  with  an  antifeiTomagnetic  matrix  are  responsible 
for  the  attractive  forces  between  electrons.  A  third  theory  postulates  the 
importance  of  resonating  domain  walls,  which  ai-e  common  in  high  Tc 
ceramics.  At  the  present  time,  theoxy  seems  to  be  of  little  value  in  guiding 
experimentalists. 

Ceramic  and  thin-film  specimens  both  exhibit  supei'conductivity  above 
liquid  air  temperatures,  opening  up  a  large  number  of  possible 
applications— frictionless  genei'ators,  motors  and  high-speed  trains, 
levitating  toys  and  gimmicks,  electronic  Josephson  junctions  and 
resistanceless  interconnects,  large  magnetic  fields  for  NMR  medical 
diagnosis,  nuclear  accelerators  and  hydrogen  fusion,  power  transmission 
lines  and  closed  loop  energy  storage  for  load  leveling,  and  I'adiation  detec¬ 
tors  for  astronomy,  oil  exploitation,  and  bi'ain  wave  reseai'ch.  The  feasibility 
of  many  applications  rests  upon  improvements  in  the  ci'itical  cuiTent  den¬ 
sity.  Ways  must  be  found  for  stabilizing  the  supei'conducting  phase  under 
high  magnetic  fields  and  electric  ciuTents.  Sevei*al  interesting  composite 
structui'es  ai'e  under  investigation. 

Although  ceramic  superconductoi's  have  captured  the  imagination  of 
thousands  of  scientists,  this  work  is  outside  the  mainstream  of  electro¬ 
ceramics.  Until  a  major  market  is  demonstrated,  it  will  remain  a  curiosity. 
The  main  thrust  in  electroceramics  reseai'ch  is  not  in  the  discoveiy  of  new 
materials,  but  in  the  miniaturization  and  integration  of  existing 
components. 


NEWMIAM 


.U 


Eleclroceramics  /  000 


6  FERROELECTRIC  CERAMICS 

Multilayer  capacitors  make  use  of  ferroelectric  oxides  such  as  barium 
titanate.'^  Ferroelectric  oxides  with  the  perovskite,  tungsten  bronze, 
pyrochlore,  and  bismuth  titanate  layer  structures  all  have  high  dielectric 
constants  and  high  refractive  indices,  and  all  contain  corner-linked 
octahedral  networks  of  Ti^  Nb^  or  other  d®  ions.  These  transition  metal 
elements  ai'e  the  highly  polaidzable  “active”  ions  promoting  ferroelectricity 
and  the  high  permittivities  required  for  capacitors. 

With  reference  to  the  periodic  system  of  elements,  there  are  two  major 
groups  of  active  ions,  and  both  ai*e  near  electronic  “crossover”  points  where 
different  tjTJes  of  atomic  orbitals  are  comparable  in  energj'  and  where  hybrid 
bond  formation  is  prevalent.  The  fii'st  group  typified  by  Ti^  Nb^  ■^,  and  W® 
are  d®  ions  octahedrally  coordinated  to  oxygen.  For  Ti^  *,  the  electronic 
crossover  involves  the  3<i,  4s,  and4p  orbitals,  which  combine  witli  the  a-  and 
TT-orbitals  of  its  six  0^  ■"  neighbors  to  form  a  number  of  molecular  orbitals 
for  the  (TiOo)* "  complex.  The  bond  energy  of  the  complex  can  be  lowered 
by  distorting  the  octahedi'on  to  a  lower  symmetiy  This  leads  to  dipole 
moments,  ferroelectricity,  and  large  dielectric  constants. 

A  second  group  of  active  elements  contributing  to  polai*  distortions  in 
ceramic  dielectrics  is  the  lone-paii*  ionshaving  two  electrons  outside  a  closed 
shell  in  an  asymmetric  hybrid  orbital.  Among  oxides,  the  most  important 
of  these  lone-pair  ions  are  Pb^  and  Bi’  %  which  ai-e  involved  in  a  number 
of  ferroelectrics  (PbTi03,  Bi^TiaOiz,  PbNb206)  with  high  Curie 
temperatvu'ea  In  many  of  these  compounds,  Pb^  *  and  Bi^  *  are  in  p^Tamidal 
coordination  with  oxygen  and  therefore  contribute  to  the  spontaneous 
polarization. 

6.1  BaTiOa  Capacitors 

Many  capacitor  formulations  are  based  on  BaTiOj,  one  of  a  number  of  fer¬ 
roelectric  substances  crystallizing  with  the  perovskite  structui'e  Barium 
atoms  are  located  at  the  corners  of  the  unit  cell  and  oxygens  at  the  face 
centers  (Fig.  19).  Both  barium  and  oxygen  ions  have  radii  of  about  1.4  A , 
and  together  they  make  up  a  face-centered  cubic  array  having  a  lattice 
parameter  near  4  A .  Octahedi'ally  coordinated  titanum  ions  located  at  the 
center  of  the  cubic  perovskite  cell  are  the  active  ions  in  promoting  ferro¬ 
electricity.  The  low-lying  d-orbitals  of  titanium  lead  to  accentric  atomic 
arrangements  and  Jai'ge  electric  polarizability.- 

On  cooling  from  high  temperature,  the  crystal  structure  of  BaTiOj 
undergoes  three  ferroelectric  phase  transitions.  All  three  are  displacive  in 
nature  with  atomic  movements  of  0.1  A  or  less.  The  point  symmetry 
changes  from  cubic  mSm  to  tetragonal  4mm  at  the  Cui  ie  temperature  of 
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Fig.  19  Sti-uctural  changes  occmring  at  the  three  ferroelectx*ic  phase 
transformations  in  BaTiOj  result  in  large  values  of  the  dielectric 
constant  over  a  wide  temperature  change. 
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130  “C.  The  tetragonal  state  with  its  spontaneous  polarization  along  [0011 
persists  down  to  0  "C,  where  it  transforms  to  orthorhombic  imm2  symmetry) 
as  P$  shills  to  a  [110]  direction.  On  fui*ther  cooling,  the  orthorhombic  state 
transforms  to  rhombohedi'al  (3m)  near  —90  ®C.  The  structural  changes  £U‘e 
illustrated  in  Fig.  19.  A  peak  in  the  dielectric  constant  occurs  at  each  of  the 
phase  transitions  (Fig.  19).  In  regard  to  capacitors,  it  is  extremely  impor¬ 
tant  that  the  dielecti'ic  constant  be  high  over  a  wide  temperature  range.  The 
presence  of  the  two  lower  ferroelectric  transformations  ensui*es  that  the 
dielectric  constant  remains  high  below  the  Cmde  temperatui-e.  Note  in  Fig. 
19  that  the  dielectric  constant  along  the  a-axis  is  larger  than  that  along 
the  polar  c-axis.  The  instability  of  the  structmre  makes  it  easy  to  tilt  the  spon¬ 
taneous  polarization  vector  with  a  transverse  electric  field. 

Because  barium  titanate  is  by  far  the  most  popular  compound  for 
multilayer  ceramic  capacitors,  there  have  been  many  studies  of  its  solid  solu¬ 
tions.  Substitutions  for  Ba^  *  or  Ti"*  *  are  used  to  raise  the  permittivity, 
flatten  its  temperature  dependence,  and  lower  the  losses.  Substituting  a 
divalent  cation  for  barium  in  BaTiOa  modifies  the  transition  temperatures. 
The  three  most  commonly  used  “Curie  Point  Shifters”  are  Pb^ Sr^  and 
Ca^  Modest  amounts  of  Pb^  *  raise  Tc ,  Sr^  *  lowers  Tc ,  and  Ca^  has  little 
effect.  Divalent  Pb  is  one  of  the  very  few  additions  that  increases  the  tran¬ 
sition  temperature;  the  tetragonal  pyramidal  coordination  favored  by  Pb^ 
stabilizes  the  tetragonal  phase  with  respect  to  the  adjacent  cubic  and 
orthorhombic  phases.  All  three  Curie  point  shifters  destabilize  the 
orthorhombic  and  rhombohedral  phases  of  BaTiOj  as  the  lower  two  transi¬ 
tion  temperatures  drop  when  increasing  amounts  of  Pb^  Sr^  or  Ca^  *  ai-e 
added.  The  opposite  effect  is  achieved  by  replacing  titanium  with  larger 
tetravalent  ions. 

A  pinching  together  of  the  phase  transitions  occurs  when  titanium  is 
replaced  with  larger  tetravalent  ions.  TVpical  of  this  type  of  behavior  are 
the  BaTii-xZi'xOj  solid  solutions.  With  increasing  zirconium  content,  the 
Curie  temperature  di'ops  while  the  lower  two  ti*ansition  temperatures  are 
raised,  thus  causing  the  three  transition  temperatui*es  to  converge  near 
X  =  0.1  andTc  =  50  ®C.  As  a  consequence,  the  three  peaks  in  the  dielectric 
constant  merge  to  give  an  immense  peak  of  about  K  =  8000. 

6.2  Domain  Walls  and  Dielectric  Loss 

Domain  walls  are  an  important  source  of  dielectric  loss  for  tempera  txu-es 
below  Tc.'^  Under  applied  electric  fields,  domain  wall  motion  takes  place, 
dissipating  energy.  A  number  of  different  types  of  walls  ai*e  found  in  BaTiOj , 
with  varying  wall  mobilities.  Tbtragonal  BaTi03  has  180  “  walls,  and  both 
charged  and  uncharged  90®  walls.  Charged  walls  are  important  only  in 
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Fig.  20  Temperatuie  dependence  of  the  elecU'ical  loss,  tanS.  At  high 
temperatures,  the  losses  ai'e  caused  by  conduction,  whereas  domain 
w’alls  are  responsible  at  low  temperatures. 


conducting  BaTiOj  where  currents  can  flow,  neuU'alizing  the  charga  The 
180"  walls  are  generally  more  mobile  than  90"  walls  because  of  the 
mechanical  strain  associated  with  90"  walls. 

In  general,  the  electrical  loss  of  ferroelectric  ceramics  displays  three  iden¬ 
tifiable  temperatui'e  ranges  (Fig.  20).  Below  Tc,  the  losses  are  moderately 
high  and  are  caused  by  domain  walla  The  magnitude  of  tan5  increases  rapid¬ 
ly  w'ith  the  applied  field,  but  does  not  depend  strongly  on  frequency. 

The  second  temperatxure  range— typically  extending  100  to  200"  C  above 
the  Cui’ie  temperatui  e— has  veiy  low  dielectric  losa  Above  Tc,  there  are  no 
domains  to  cause  dielectric  loss,  and  the  temperature  is  too  low  for  ap¬ 
preciable  conductivity  loss.  At  high  temperatures,  the  loss  due  to  conduc- 
tivity  becomes  important,  causing  tan5  to  increase  rapidly  with 
temperature.  Conduction  losses  are  inversely  proportional  to  the  measure¬ 
ment  frequency. 

Acceptor  dopants  such  as  K  or  Fe^  create  oxygen  vacancies  in  BaTiOj: 

(Bai_*K»)Ti(03-*/2D*/2) 

and 


Ba(Ti  1 -xFeJCO  j  -  */2  □  */2) 
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Oxygen  vacancies  exert  a  much  greater  influence  on  the  dielectric  loss 
than  barium  or  titanium  vacancies.  The  way  in  which  oxygen  vacancies 
affect  tanj  depends  on  temperature  and  the  dominant  loss  mechanism. 
Below  Tc  where  domain  wall  losses  predominate,  oxygen  vacancies  lower 
tan6.  The  explanation  of  why  donors  and  acceptors  affect  the  dissipation 
factor  differently  involves  the  pinning  of  domain  walls.  Donor-doped  perov- 
skite  ferroelectrics  have  lossy  hysteresis  loops  and  considerable  domain  wall 
motion,  whereas  acceptor-doped  perovskites  do  not. 

The  reason  domain  walls  ai'e  pinned  more  effectively  in  acceptor-doped 
perovskites  is  illustrated  by  the  crystal  structure.  Oxygen  vacancies  diffuse 
much  faster  than  cation  vacancies  becaiise  of  the  proximity  of  oxygen-sites. 
The  distance  between  nearest  neighbor  oxygens  is  only  2.8  A  compared  to 
4  A  for  the  shortest  Ti-Ti  or  Ba-Ba  interatomic  distance 

Defect  dipoles  in  acceptor-doped  BaTiOj  consisting  of  paired  iron  atoms 
and  oxygen  vacancies  realign  more  easily  than  the  corresponding  dipoles 
in  donor-doped  material.  Thus,  the  defect  dipoles  in  acceptor-doped  BaTiOj 
align  with  the  spontaneous  polai'ization  of  the  domain  structure  to  pin 
domain  walls,  thereby  lowering  the  dissipation  factor  in  the  low- 
temperature  region  below  Tc. 

6.3  Conduction  Losses  and  Degradation 

Oxygen  vacancies  are  also  important  in  the  high-temperatui-e  region.  The 
rapid  increase  of  dissipation  factor  is  caused  by  free  carrier  conductivity, 
and  the  concentration  of  free  cairiers  depends  on  doping  and  temperatiu’e. 
The  loss  factor  (tan6)  is  inversely  proportional  to  frequency  in  this 
temperature  range. 

Based  on  a  number  of  experiments,  the  following  picture  has  been 
developed  for  the  DC  degradation  process  in  bai'ium  titanate  ceramics. 
Polyciy'stalline  titanates  ai'e  appreciably  reduced  at  the  temperatui'es  used 
in  firing  ceramic  capacitors.  On  cooling,  rapid  reoxidation  occurs  above  1100 
®C,  but  effectively  stops  at  some  temperature  between  600  and  900  “C.  As 
a  consequence,  the  outside  of  the  sample  and,  to  some  extent,  the  outside 
of  each  gi'ain  is  well  oxidized,  but  the  interior  of  the  gi'ains  remains  o.xygen 
deficient.  Oxygen  vacancies  cari-y  an  effective  chai-ge  of  +2e,  which  is 
neutralized  by  3d  electrons  on  the  titanium  atoms,  forming  two  Ti^  ions 
for  every  oxygen  vacancy.  At  low  temperatures,  the  oxygen  vacancies  and 
Ti^  *  ions  are  bound  by  a  small  energy  of  0.1  to  0.2  eV,  sufficiently  large  that 
only  a  few  of  the  defects  are  sepai'ated.  Electrons  associated  with  the 
unattached  Ti’  *  ions  are  responsible  for  conduction,  making  use  of  the  nar¬ 
row  3d  conduction  band.  Alternatively,  the  conduction  process  can  be 
described  as  electron  hopping  via  Ti^'*'  —  Ti^*  -f  e"  transfer.  Unattached 
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oxygen  vacancies  also  contribute  to  the  conductivity,  but  their  mobility  is 
much  smaller  than  that  of  electrons.  Neutralized  bound  defects  do  not  par¬ 
ticipate  directly  in  the  conduction  process,  but  experience  a  torque  tending 
to  align  the  dipole  moment  with  the  applied  field.  This  in  turn  creates  dielec¬ 
tric  polarization  and  dielectric  loss.  Oxygen  vacancies  are  also  impoi*tant 
in  the  AC  degradation  of  BaTiOj  ceramics.  Electrostrictive  pumping  of  the 
oxygen  vacancies  to  the  grain  boundary  has  been  proposed  as  a  mechanism. 

Trivalent  manganese  plays  an  important  role  in  a  number  of  capacitor 
compositions  by  lowering  conduction  losses.  Mn’  has  the  3d*  electron  con¬ 
figuration  and  is  widely  known  as  a  Jahn-Tfeller  ion.  It  seems  likely  that 
the  large  tetragonal  distortions  associated  with  Jahn-Ibller  ions  are  effec¬ 
tive  in  anchoring  oxygen  vacancies. 


6.4  Relaxor  Ferroelectrics 

Ordered  perovskites  generally  have  low  dielectric  constants  because  the 
linkage  between  "active”  ions  is  severed.  In  disordered  structures  such  as 
the  relaxor  ferroelectrics,  the  dielectric  constant  can  be  extremely  large, 
making  them  useful  as  capacitor  dielectrics.  The  monolithic  Pb-based  com¬ 
positions  under  development  in  Japan’®  are  excellent  examples.  Not  only 
do  the  Pb(Feo.5Nbo.5X)j-Pb(Feo.67Wo.33),03  ceramics  have  dielectric  constants 
in  excess  of  15,000,  but  they  can  be  sintered  in  air  at  850  ®C  with  silver 
electrodes. 

Relaxor  ferroelectrics  are  characterized  by  temperatuie-sensitive  micro¬ 
domains  resulting  from  the  many  different  “active”  ion  linkages  in  the 
disordered  octahedral  framework.  Each  (NbOel-octahedron  may  be  bonded 
to  any-where  from  zero  to  six  other  (NbOoI-octahedra.  Connections  between 
these  octahedi'a  are  assumed  to  be  essential  to  ferroelectricity  and  high  K 
values.  As  temperatui*e  decreases  from  the  high-temperatui'e  paraelectric 
state,  these  microdomains  gradually  coalesce  to  macrodomains  giving  rise 
to  a  diffuse  phase  transformation.  TTiese  polarization  fluctuations  are  also 
dependent  on  bias  field  and  measurement  frequency.  The  dielectric  constant 
drops  rapidly  with  frequency  Gience  the  name  "relaxor”),  because  it  takes 
time  for  the  polarization  fluctuations  to  respond.  Direct  cui-rent  bias  fields 
favor  coalescence,  having  the  same  effect  as  lowering  the  temperature. 

Relaxor  behavior  is  vei-y  common  among  Pb-based  perovskites,  suggesting 
that  Pb^  *  and  its  "lone-pair”  electrons  play  a  role  in  the  microdomain 
process,  possibly  by  adjusting  the  orientation  of  the  lone-pair.  Multilayer 
relaxor  feiToelectrics  aie  used  as  micropositioners  as  well  as  capacitoi-s.  The 
electrostrictive  distortions  are  highly  reproducible  and  have  found 
widespread  use  in  active  optic  systems.” 
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Fig.  21  (a)  Binary  phase  diagram  of  the  lead  zirconate-lead  titanate 
ceramics  used  in  transducers,  (b)  Large  piezoelectric  coefficients  are 
obtained  for  poled  ceramics  with  compositions  near  the  morphotropic. 
phase  boundary. 


6.5  Piezoelectric  Transducers 

Piezoelectric  transducers  convert  mechanical  ehergy  to  electncal  energy 
(the  direct  piezoelectric  eflect),  or  electrical  energy  to  mechanical  energy 
(the  converse  piezoelectric  eflect).  '*  Ferroelectric  ceramics  such  as  lead 
zirconate  titanate  become  piezoelectric  when  electrically  poled.  Poling  is 
carried  out  under  intense  electric  fields  at  temperatures  just  below  the 
ferroelectric  Curie  point  where  the  domains  tu*e  most  easily  aligped; 

The  phase  diagram  of  the  PbZrOj-PbTiO  (P2ST)  system  is  shown  in  Fig.21(a). 
A  complete  solid  solution  forms  at  high  temperature,  with  Zr  and  Ti 
randomly  distributed  over  the  octahedral  sites  of  the  cubic  perovskite 
structure.  On  cooling,  the  structure  undergoes  a  displacive  phase 
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Fig.  22  (a)  Poled  piezoelectric  ceramics  have  a  symmetiy  imposed 
by  the  electric  field  vector.  This  symmetry  determines  the  form  of 
the  piezoelectric  tensor,  which  is  referred  to  the  axial  system  shown 
in  (b). 


transformation  into  a  distorted  perovskite  structure.  Titanium-rich  com¬ 
positions  favor  a  tetragonal  modification  with  sizable  elongation  along  1001] 
and  a  large  spontaneous  polarization  in  the  same  direction.  There  are  six 
equivalent  po]ar  axes  in  the  tetragonal  state  corresponding  to  the  [100], 
[100],  [010],  [010],  [001],  and  [OOll directions  of  the  cubic  paraelectric  stata 
A  rhombohedral  ferroelectric  state  is  favored  for  zirconium-rich  composi¬ 
tions.  Here,  the  distortion  and  polai’ization  are  along  [111]  directio^^,  giving 
r^se  to  eight  possible  domain  states;  [111],  [111],  [111],  [111],  [111],  [111], 
[111],  and  [111]. 

The  compositions  that  pole  best  lie  near  the  morphotropic  boundary  be¬ 
tween  the  rhombohedral  and  tetragonal  ferroelectric  phases.  For  these 
compositions,  there  are  fouileen  possible  poling  directions  over  a  very  wide 
temperatui-e  range.  This  explains  why  the  piezoelectric  coefficients  are 
largest  near  the  morphotropic  boundary  (Fig.  21b). 

Morphotropic  boundai'ies  are  relatively  common  in  Pb-based  perovskites, 
more  so  than  in  other  perovskite  phase  diagrams.  In  solid  solutions  based 
on  BaTiOj,  a  different  sequence  of  phase  transformations  appears.  On 
cooling  from  high  temperatui  es,  the  cubic  phase  undergoes  transformations 
to  tetragonal,  orthorhombic,  and  rhomboliedi'al.  The  intervening  orthor¬ 
hombic  pliase  makes  it  impossible  for  the  tetragonal  phase  to  transform  to 
rliombohedral.  Thus,  there  is  no  morphotropic  phase  boundary  in  BaTiOj- 
based  ceramics. 

It  appears  that  morphotropic  boundaries  occur  in  PbTi03-based  systems 
because  of  the  supression  of  the  orthorhombic  phase.  The  Pb^  *  ion  plays 
a  major  role  in  the  supression.  Because  of  its  lone-pah*  6s^  electron  configm*a- 
tion,  Pb^  *  favors  pyramidal  bonding.  In  the  tetragonal  and  rhombohedral 
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perovskites,  such  bonding  occurs,  but  not  in  the  orthorhombic  ferroelectric 
form.  Here,  Pb^  *  is  forced  to  move  directly  toward  a  neighboring  oxygen 
ion,  an  extremely  unfavorable  coordination.*’ 

Poled  ceramic  transducers  have  conical  symmetiy  (point  group  oom),  the 
symmeti'y  of  a  polar  vector.  By  convention,  the  xj  axis  is  chosen  along  the 
polar  axis  with  the  orthogonal  xi  and  xa  axes  perpendicular  to  X3  (Fig.  22). 
The  piezoelectric  coefHcients  relate  polarization  to  mechanical  stress.  Pj , 
Pa ,  and  Pj  are  the  components  of  the  stress-induced  polai'ization  along  axes 
xi ,  xa,  and  X3.  In  matrix  notation,  stress  components  aj ,  aa,  and  aa  are  the 
applied  tensile  stresses  parallel  to  xi,  xa,  and  X3.  Shear  stresses  about  xj, 
Xa,  and  X3  are  designated  04,  as,  and  as,  respectively. 

For  poled  ferroelectric  ceramics,  conical  symmetry  dictates  that  all 
piezoelectric  coefUcients  are  zero  except  dai  =  daa,  daa,  and  dis  =  da^.  The 
dii'ect  piezoelectric  effect  can  therefore  be  described  by  the  following  matrix 
expression: 

/  pA  _  /O  0  0  0  disON  /  1] 

(  Pa  )  I  0  0  0  d,5  0  0  )  a4 

\  P3/  \d31d31d33O  0  0/  \ 

\  as 

multiplying  out: 

Pi  =  disas 

P2  =  di5a4 

P3  =  d3i(ai  +  aa)  +  daaaa 

Thus,  polarization  along  xi  can  only  be  generated  by  shear  stresses  about 
Xa.  For  hydrostatic  pressure  p,ai  =  aa  =  aa  =  -p,anda4  =  as  =  as  -  O.The 
resulting  polarization  appears  along  X3:  P3  =  (Zdai  +  daaX-p)- 
Molecular  mechanisms  for  piezoelectric  coefficients  daa,  dai,  and  dis  are 
illustrated  and  explained  in  Fig.  23.  For  PZT  compositions  near  the  mor- 
photropic  boundary,  daa  s  400  pC/N,  dai  =  -170,  and  dis  =  500.  The 
magnitudes  depend  markedly  on  dopants  and  defect  structui'e  because  of 
their  influence  on  domain  wall  motion. 

Donor  ions  create  Pb  vacancies  in  the  PZT  stnicture  As  an  example,  when 
Nb’  *  is  substituted  for  Ti^  *,  vacancies  in  the  lead-site  results: 

(Pbl-x/2  R/2)(Ti,*,-yZr>.Nb0O3 

Donor  doping  is  not  effective  in  pinning  domain  walls.  Pinning  is  believed 
to  result  from  the  alignment  of  defect  dipoles  with  the  spontaneous  polaiiza- 
tion  within  a  domain.  The  defect  dipoles  come  from  the  negatively  charged 
Pb-vacancies  paired  with  dopant  Nb^  *  ions.  Because  the  defect  dipoles  are 
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Fig.  23  (a)  Tetragonal  PbTiOj  is  noncentrosymmetric  with  the 
titanium  ion  displaced  from  the  center  of  the  unit  cell,  (b)  When  a 
tensile  stress  is  applied  parallel  to  xj,  the  Ti*  *  ion  displaces  further 
in  its  off-center  position,  creating  a  positive  polarization  in  this 
direction:  Pj  =  djjoj.  (c)  If  the  stress  is  applied  along  xi,  the  dipole 
moment  of  the  unit  cell  is  diminished,  and  a  negative  polarization 
appears.  Hence,  dsi  is  negative,  whereas  djj  is  positive,  (d)  For  a  shear 
stress  about  X2 ,  the  dipole  moment  is  tipped,  producing  polai'ization 
in  the  x\  direction,  Pi  =  disos- 


formed  at  high  temperature,  the  dipoles  are  not  aligned  with  P,  initially 
because  the  spontaneous  polarization  is  zero  in  the  cubic  paraelectric  state. 
Alignment  can  only  take  place  below  the  Guide  temperatui'e  ( ~  350  ®C  for 
PZT)  where  diffusion  rates  are  low.  Such  is  the  case  for  donor-doped  PZT, 
a  so-called  “soft”  PZT.  In  a  soft  PZT,  domain  wall  motion  contributes  to  the 
size  of  the  dielectric  and  piezoelectric  coefficients.  Hence,  soft  PZT 
transducers  are  used  as  hydi'ophones  and  ultrasonic  detectors  where  high 
sensitivity  to  weak  signals  is  needed.  Convei'sely,  however,  soft  PZT  ceramics 
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are  easily  depoled  because  the  domain  walls  are  not  pinned.  For  this  reason, 
soft  PZT  ceramics  are  not  used  for  sonar  transmitters  or  spark  generators. 

Acceptor  doping  with  lower  valent  ions  such  as  K  (for  Ba^  * )  or  Fe^  *  (for 
Ti^  )  is  employed  to  produce  “hard”  PZT.  Oxygen  vacancies  ai'e  generated 
by  acceptor  doping: 

•  (Pbi-xKx)(Ti,.yZryNb0  03-x/2E3[/2 


Domain  walls  are  pinned  in  a  hard  PZT  because  the  defect  dipoles  are  able 
to  align  in  accordance  with  the  domain  structure.  Dipoles  consisting  of 
oxygen  vacancies  and  associated  dopant  ions  are  able  to  re-orient  easier  in 
a  hard  PZT.  The  explanation  lies  in  the  ease  with  which  oxygen  vacancies 
diffuse  at  temperatures  below  Tc. 

Examination  of  tlie  perovskite  structure  makes  it  clear  w’hy  oxygen  vacan¬ 
cies  diffuse  faster  than  cation  vacancies.  Cations  are  completely  surrounded 
by  oxygens  and  are  separated  from  the  nearest  cation  site  by  an  entire  unit 
cell  ( ~  4  A ),  making  diffusion  veiy  difficult.  Oxygen  sites,  on  the  other  hand, 
are  adjacent  to  one  another,  only  2.8  A  apart.  Hence,  oxygens  can  easily 
move  into  nearby  oxygen  vacancies,  realigning  defect  dipoles  and  pinning 
domain  walls. 


7  MAGNETISM  IN  OXIDES 

Magnetic  ordering  occurs  when  the  transition-metal  atoms  ai'e  nearest 
neighbors  (metals)  or  next-nearest  neighboi-s  (simple  compounds).^'  Among 
oxides  and  fluorides,  antiferromagnetism  is  much  more  common  than  fer¬ 
romagnetism  or  ferrimagnetism  due  to  the  superexchange  interaction. 
Direct  exchange  seldom  occui's  in  such  materials,  because  the  transition- 
metal  ions  ai'e  not  in  direct  contact,  but  interact  via  an  intermediate  anion. 
Superexchange  is  a  strong  interaction,  leading  to  magnetic  transition 
temperatures  comparable  to  that  of  metals.  Ferromagnetic  ordering  in  Fe 
occurs  at  1040  K,  antiferromagnetism  in  a-Fe203  at  950  K,  and  fer¬ 
rimagnetism  in  magnetite  at  860  K. 

In  the  superexchange  interaction,  two  metal  atoms  Mi  and  M2  on  opposite 
sides  of  an  oxygen  ion  interact  through  a  p-orbital  of  oxygen  (Fig.  24). 
Tl’ansition-metal  ions  with  less  than  half  full  d-shells  will  be  considered  fii-st. 
Because  the  oxygen  ion  is  not  fully  ionized,  its  outer  electrons  spend  time 
on  the  neighboring  transition-metal  ions.  When  it  enters  the  d-shell  of  a 
transition-ion  whose  d-orbitals  are  less  than  half  full,  the  ox3'gen  electron 
spin  is  parallel  to  those  of  the  metal  ion,  in  accordance  with  Hund’s  rule 
Meanwhile,  the  other  electron  in  the  same  oxj'gen  p-orbital  is  on  the  opposite 
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(a) 


M, - —  0— - Mj 

(b) 


Fig.  24  The  180  ®  superexchange  interaction  when  the  transition 
metal  3d  shell  is  (a)  less  than  half  full  and  (b)  half  or  more  than  half 
full. 


side  of  the  oxygen  ion  because  of  the  coulomb  repulsion  between  two  elec¬ 
trons  in  the  same  p-orbital.  While  there,  the  second  electron  (whose  spin 
is  antiparallel  to  the  first  electron  because  of  the  Pauli  exclusion  principle) 
also  interacts  with  transition  metal  ions,  and  its  spin  will  again  be  pai'allel 
to  that  of  the  metal  ion  if  its  d-shell  is  less  than  half  full.  The  anti- 
ferromagnetic  superexchange  thus  arises  from  the  alignment  as  shown  in 
F ig.  24:  the  first  metal  atom  accepts  an  electron  with  parallel  spin  from  an 
o.xygen  neighbor;  the  spins  of  the  two  electrons  in  the  same  oxygen  p-orbital 
are  antiparallel;  and  the  second  electron  spends  pai't  of  its  time  in  parallel 
alignment  with  the  d-electrons  of  the  second  metal  ion. 

A  similar  situation  occurs  when  the  d-electron  shell  of  the  transition  metal 
ion  is  more  than  half  full,  again  resulting  in  antiferromagnetic  super¬ 
exchange  (Fig.  24).  The  oxygen  electrons  enter  the  metal  atom  d-shell  anti¬ 
parallel  to  the  net  spin,  but  because  the  same  thing  happens  to  the  other 
electron,  the  interaction  remains  antiferromagnetic  Superexchange  is 
strongest  when  the  angle  M1-O-M2  is  180“  allowing  maximum  overlap  of 
the  p-orbital  with  the  two  metal  ions.  The  interaction  weakens  as  the  angle 
approaches  90°,  even  though  the  metal-metal  distance  may  be  shorter. 

Long-range  magnetic  order  disappears  at  high  temperatures  because  of 
thermal  disorder.  The  transition  temperature  is  called  the  Curie  point  (TJ 
in  a  feiTomagnet  or  ferrimagnet,  and  the  Neel  point  (Tn)  in  an  antifer- 
romagnet.  Tc  and  Tn  depend  strongly  on  transition-metal  concentration, 
as  expected.  The  general  trend  is  indicated  by  the  transition  temperatui  es 
for  the  followng  Fe^  *  compounds,  which  are  arranged  in  order  of  decreasing 
iron  content:  (a-FciOj  (958  K),  (743  K),  Fe2Mg04 
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Fig.  25  Oxygen  nearest  neighbors  in  the  spinel  structure.  Superex¬ 
change  coupling  between  the  tetrahedral  and  octahedi'al  sites  is 
especially  strong. 


(653  K),  Y3Fe50i2  (563  K),  FeFa  (394  K),  FeClj  (10  K),  Fe2lfe06  (219  K),  YFeOi 
(643  K),  FeP04  (25  K),  Fe3(P04)2-4H20  (15  K),  FeNIi4(S04)2-12H20  (<  1 K). 
Magnetic  interactions  weaken  w'ith  increasing  dilution,  although  some 
noticeable  in*egularities  occur  in  the  list.  The  transition  temperature  of 
FeCb  is  surprisingly  low,  whereas  that  of  YFeOa  is  rather  high.  These  excep¬ 
tions  illustrate  the  influence  of  ciystal  structui*e  on  the  exchange  inter¬ 
actions.  Ferric  chloride  has  a  layer  structure  with  the  sequence 
— Cl-Fe-Cl-Cl-Fe-Cl-.  Neither  dii*ect  nor  superexchange  interactions 
ai*e  possible  between  layer’s,  hence  Tn  is  very  low.  In  YFe03,  the  aiTangement 
of  iron  and  oxygen  are  nearly  ideal  for  180°  superexchange.  The  compound 
crystallizes  in  the  perovskite  structure  with  interconnected 
-O-Fe-O-Fe-O-  chains  in  all  thi*ee  directions. 

7.1  Spinel  Ferrites 

Most  magnetic  ceramics  make  use  of  tri valent  iron,  Fe^  ■^,  with  its  flve  un¬ 
paired  electrons.  Tb  take  advantage  of  the  lar  ge  magnetic  moment,  it  is 
necessary  to  couple  the  spins  through  superexchange.  In  fenutes  with  the 
spinel  structure,  there  is  a  strong  antiferromagnetic  superexchange  coupl¬ 
ing  between  the  tetrahedr-al  and  octahedral  sites.  Each  oxygen  in  the  spinel 
structure  is  bonded  to  one  tetrahedr'al  catiorr  and  three  octahedral  cations 
(Fig.  25).  The  tetrahedral  ion-oxygen-octahedr’al  cation  linkage  subtends 
an  angle  of  125  °  at  the  oxygen  ion,  which  is  large  enough  to  make  use  of 
a  2p  orbital  in  a  strong  superexchange  interaction. 

The  complexity  of  the  spinel  structure  is  also  important;  there  are  twice 
as  many  octahedi-al  as  tetrahedi*al  metal  ions  in  spinel,  and  this  leads  to 
magnetic  imbalance  and  a  net  magnetization.  This  is  why  magnetite  (Fe304 , 
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Fig.  26  Addition  of  zinc  raises  the  magnetization  of  ferrites. 

spinel  structui-e)  is  ferrimagnetic,  whereas  hematite  (obFe203,  corundum 
structui-e)  and  wustite  (FeO,  rocksalt  structure)  are  antiferromagnetia 

7.2  Magnetization 

In  the  spinel  ferrites,  the  spontaneous  magnetization  is  equal  to  the 
difference  between  the  sublattice  magnetizations  associated  with  the 
octahedial  and  tetrahedral  sites.  By  judicious  choice  of  ions,  the  difference 
can  be  made  quite  large  and  leads  to  an  unusual  situation  in  which  adding 
a  nonmagnetic  ion  increases  the  magnetization.  This  type  of  substitution 
is  used  to  maximize  the  ren  snent  magnetization  of  ferrites. 

Zinc  ferrite  (ZnFe204)  is  a  normal  spinel,  whereas  most  other  spinel  fer¬ 
rites  have  the  inverse  structvure.  In  a  normal  spinel,  divalent  cations  occupy 
the  tetrahedi-al  sites,  in  contrast  to  inverse  spinels  where  the  tetrahedral 
sites  are  filled  with  trivalent  cations.  NiFe204  is  an  inverse  spinel.  In  the 
nickel  zinc  feirite  solid  solution  (Nii_,ZnxFe204)  as  x  is  increased,  Zn^* 
replaces  Fe^  in  the  tetrahedral  sites,  and  Fe^  fills  the  octahedral  sites 
emptied  by  Ni^  Divalent  zinc  has  no  unpaired  electrons,  divalent  nickel 
has  two,  and  trivalent  iron  five  The  net  magnetization  of  nickel  zinc  fer¬ 
rite  is  proportional  to  5(1  -f  x)  -f  2(1  -  x)  -  0(x)  -  5(1  -  x)  =  2  +  8x. 
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Fig.  27  Addition  of  zinc  lowers  the  Curie  point  of  magnetic  ferrites. 


Calculated  magnetic  moments  for  several  of  the  zinc  ferrite  solid  solutions 
are  compared  with  experimental  in  Fig.  26.  As  predicted,  the  magnetiza¬ 
tions  rise  with  increasing  zinc  content  until  there  are  so  few  Fe^  *  ions 
remaining  in  tetrahedral  sites  that  the  superexchange  coupling  between 
tetrahedi*al  and  octahedral  sites  breaks  down.  As  a  result,  the  Curie 
temperatiu'es  decline  rapidly  with  increasing  zinc  content,  eventually 
dropping  below  room  temperature  (Fig.  27).  The  ferrite  changes  from 
ferrimagnetic  to  paramagnetic  as  the  composition  nears  pui*e  zinc  ferrite. 
The  most  useful  compositions  ai*e  those  near  x  =  0.5  where  the  magnetiza¬ 
tion  is  at  a  maximum. 

7.3  Soft  Ferrites 

Soil  ferrites  are  noted  for  their  high  magnetic  permeability  and  high  elec¬ 
trical  resistivity.^^  Eddy  current  losses  are  of  great  importance,  and 
compared  to  metals,  the  high  resistivity  of  ferrites  greatly  reduces  loss  at 
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high  frequencies.  Applications  for  soft  ferrites  include  inductoi’s, 
transformers,  antenna  rods,  loading  coils,  deflection  yokes,  choke  coils, 
recording  heads,  and  magnetic  amplifiers. 

Manganese  zinc  feiTite  and  nickel  zinc  fen'ite  are  the  most  widely  used 
of  the  soft  fen-ites.  Mn-Zn  fenite  has  the  highest  saturation  magnetization 
of  any  ferrite  and  is  a  good  soft  magnetic  core  material,  but  Ni-Zn  ferrite 
is  superior  at  high  frequencies  because  of  its  higher  electrical  resistivity 
and  lower  resonance  losses. 

The  property  of  gi  eatest  interest  in  soft  ferrites  is  the  initial  permeability 
ft]  and  its  frequency  dependence.  Permeability  is  a  complex  quantity, 
n  =  n'  -  ifi”,  with  the  magnetic  loss  factor  defined  as  tan5  =  /t'/m'* 
Engineers  often  use  tand//*'  as  a  figure  of  merit  in  comparing  different 
ferrites  at  low  frequencies.  The  lowest  (best)  figures  of  merit  are  obtained 
for  Mn-Zn  ferrites  and  for  Ni-Zn  ferrites  at  high  frequencies.  The  crossover 
frequency  is  approximately  1  MHz. 

Figure  28  shows  frequency  spectrum  for  several  Ni-Zn  ferrites.  The 
permeability  spectrum  is  characterized  by  a  broad  loss  peak  at  associated 
with  domain  wall  losses.  Note  that  ferrites  with  the  high  penneability  have 
the  worst  frequency  dependence;  the  product  ^ '  f,  is  appraximately  constant 
(Snoek’s  Law). 
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Fig.  29  Constant  permeability  contours  in  the  Mn-Zn-Fe  ferrite 
system.  Maximum  permeability  occurs  near  the  point  of  zero 
magnetostriction  and  zero  anisotropy. 


7.4  Anisotropy,  Magnetostriction,  and  Mn-Zn  Ferrites 

To  maximize  the  permeability  of  a  soft  feirite,  it  is  necessaiy  to  eliminate 
restraints  on  domain  wall  motion.  Crystal  anisotropy  and  magnetostriction 
are  two  restraints  that  can  be  gi-eatly  reduced  through  control  of  chemical 
composition  and  microstructure,  Mn-Zn  ferrites  are  intrinsically  soft 
because  of  their  low  anisotropy  fields.  Mn^  *  and  Fe^  *  have  half-filled  3d 
shells  and  Zn^  has  a  completely  filled  shell.  All  three  ions  ai-e  spherically 
symmetric  with  little  preference  in  spin  orientation. 

The  anisotropy  field  affects  both  the  rotational  and  domain  wall  contribu¬ 
tions  to  the  permeability.  Because  the  spins  in  a  low  anisotropy  ceramic  ai-e 
easily  deflected  by  an  applied  field  the  rotational  permeability  is  gi-eatly 
enhanced.  Domain  wall  motion  is  also  enlianced  because  of  the  nature  of 
domain  walls.  Within  the  walls,  spin  orientations  differ  markedly  in  orien¬ 
tation  from  the  easy  axis  diiections.  Thus,  wall  energy  and  the  ease  with 
which  walls  can  be  created  or  displaced  is  influenced  strongly  by  the 
anisotropy  field. 

Magnetostriction 

The  change  in  shape  of  a  magnetic  specimen  during  the  magnetization 
process  is  called  magnetostriction.  Domain  wall  motion  is  responsible  for 
most  of  the  strain.  Strain  measurements  are  made  on  unmagnetized 
specimens  with  randomized  domain  structm'e.  When  a  field  is  applied,  the 
specimen  changes  shape,  and  eventually  both  the  magnetization  and  the 
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strain  reach  saturation  values  at  very  large  Helds.  For  ferrites,  the  satura¬ 
tion  strain  X  ranges  from  10"  *  to  10"  Small  values  of  X  are  essential  in 
a  soft  ferrite,  because  strain  mismatch  impedes  domain  wall  motion  and 
magnetization  rotation. 

Magnetostrictive  coefficients  have  been  measured  for  a  number  of  feirites 
including  the  manganese  zinc  ferrites  shown  in  Fig  29.  Adding  a  few  percent 
Fe^  *  reduces  X  to  zero,  and  it  also  decreases  the  anisotropy  coefficient  Ki. 

Mn-Zn  Ferrites 

Compositions  near  the  intersection  of  the  X*  =  0  and  Kj  =  0  lines  are 
especially  interesting.  Magnetic  permeabilities  as  large  as  40,000  are 
measm*ed  near  the  point  where  magnetostrictive  and  anisotropy  effects  are 
absent.  Domain  wall  and  rotational  contributions  to  the  permeability  are 
both  enhanced  at  this  composition. 

In  ceramic  ferrites,  a  microstructure  consisting  of  large,  defect-free 
crj’stallites  favors  domain  wall  mobility  and  high  magnetic  permeability.^ 
Domain  wall  movements  are  suppressed  in  the  Hne-gi*ained  ferrites  used 
in  permanent  magnets  and  in  high-frequency  applications.  Small  grain 
microstructures  and  low  porosity  ai'e  also  required  for  microwave  femtes 
to  eliminate  unwanted  spin  waves. 

The  distribution  of  pores  in  the  microstructure  is  important.  Tiny  pores 
distributed  uniformly  tliroughout  the  grains  ai'e  obtained  in  ferrites  slightly 
deficient  in  oxygen.  The  pores  pin  domain  walls  and  lower  the  magnetic 
permeability.  A  different  pore  structure  is  obtained  in  fen’ites  that  are 
deficient  in  cations.  In  this  case,  the  pores  ai'e  swept  together  at  the  grain 
boundaries  dui'ing  sintering,  leaving  behind  relatively  perfect  ciystallites. 
Very  high  permeabilities  can  then  be  achieved  provided  the  grain  size  is 
large’^ 

Microstructui-e  also  controls  magnetic  losses.  Substituting  Fe^  *  in  Mn-Zn 
ferrites  raises  the  permeability,  but  it  also  lowere  the  electrical  resistivity 
as  the  extra  electron  hops  easily  between  iron  atoms;  Fe^  ~  Fe^  e".  The 
increased  conductivity  leads  to  eddy  current  losses,  which  can  be  controlled 
by  a  small  amount  of  silica  to  the  stai-ting  material.  Dui'ing  the  sintering 
operation,  silica  forms  a  gi'ain  boundary  phase  that  raises  the  resistance 
and  eliminates  eddy  cuzTents.  This  results  in  a  deci'ease  in  the  electrical 
loss  tan5  and  an  increase  in  the  figure  of  merit,  ^tanS, 

Eddy  currents  are  the  most  important  source  of  loss  at  low  frequencies 
Gdiz  range),  but  fen'imagnetic  resonance  and  domain  wall  damping  are  the 
controlling  mechanisms  in  the  MHz  ranga  Mn-Zn  femtes  are  not  used  at 
these  frequencies  because  the  Lai'mor  precession  frequency  is  too  low.  Ni-Zn 
ferrites  have  stronger  internal  fields  and  higher  I'esonant  frequencies 
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Fig.  30  Hysteresis  in  magnetic  ceramics. 


(10  to  1000  MHz).  This  lowers  resonance  losses  in  the  1  to  10  MHz  range. 
Eddy  current  losses  are  also  small  because  of  the  higher  resistivity  of  the 
Ni-Zn  compositions,  although  the  permeability  n'  is  somewhat  smaller. 

Domain  wall  damping  contributes  to  loss  at  frequencies  just  below 
resonance  lb  limit  this  factor,  it  is  necessaiy  to  minimize  wall  displacements 
by  making  the  grain  size  very  small.  Hot  pressing  procedures  or  the  addi¬ 
tion  of  grain-gi’owth  inhibitors  keep  the  grain  size  small  and  lower  losses. 
Small  grain  size  is  also  an  advantage  in  microwave  ferrites,  which  operate 
in  the  GHz  range  When  operated  at  high  power  levels,  parametric  excita¬ 
tion  of  spin  waves  becomes  the  dominant  loss  mechanism.  Reductions  in 
grain  size  to  below  2  /un  increases  the  power-handling  capability  by  several 
orders  of  magnitude 

7.5  Permanent  Magnets 

Hard  magnets  are  characterized  by  high  coercive  field  strength  and  high 
remanent  magnetization.^^  The  (BHlmu  energy  product  (Fig.  30)  is  used  as 
a  measure  of  magnetic  “hardness.”  Pi'ocessing  methods  to  maximize  the  BH 
pixxluct  ai'e  magnetic  annealing  and  the  texturing  of  ciy'stallites  by  magnetic 
pi-essing.  Pi*ecipitation  haixlening,  superlattice  formation,  and  work  hai'den- 
ing  also  increase  the  coercive  field  by  restricting  domain  wall  movement. 
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Fig,  31  Cross  section  of  the  magnetoplumbite  structure  M,  with  the 
c  axis  The  arrows  indicate  the  spin  orientations.  The  ver¬ 

tical  lines  are  axes  of  threefold  symmetry  and  the  crass  denotes  a 
center  of  symmetry.  All  layers  containing  b2u:ium  are  miiTor  planes 
and  are  denoted  by  m.  This  structiu'ed  consists  of  spinel-like  blocks 
separated  by  the  layers  containing  barium.  The  asterisk  indicates 
a  rotation  of  a  block  by  180*  about  the  c-axi&^ 


Some  oxide  magnets  utilize  particles  small  enough  to  have  a  single 
domain  structure.  The  OP  (oxide  powder)  magnet  with  a  composition 
3CoFe204-Fe304  invented  50  years  ago  has  large  magnetocrystalline 
anisotropy  and  large  magnetostrictive  coefHcients  as  well  as  small  particle 
size  Overfiring  can  cause  grain  growth,  resulting  in  a  reduced  coercive  field. 

One  of  the  most  widely  used  permanent  magnet  materials  is  barium 
fen'ite,  a  ferrimagnetic  oxide  with  the  magnetoplumbite  structure  The 
large  Ba^  *  ions  form  a  close-packed  array  with  the  O^  "  anions  in  a  mixed 
sequence  of  hexagonal  and  cubic  close-packing.  TVivalent  iron  ions  occupy 
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Table  1.  Properties  of  Ferrite  Permanent  Magnets 

Material  B..W/in*  HclO*A/in 


BaFeuOie 


Isotropic . 

. . .  0.22 

0.148 

4.0 

Oriented  (high  Br) . 

0.384 

0.160 

14.0 

Oriented  (high  He) . 

0.32 

0.204 

10.4 

Rubber  bonded . 

0.22 

0.118 

4.4 

SrFeuOu 

Oriented  (high  B,) . 

. . .  0.40 

0.176 

14.8 

Oriented  (high  He) . 

0.355 

0.252 

12.0 

OP  Magnet 

Coo.7sFeo.2sFe204 . 

. . .  0.25 

0.052 

4.8 

Source;  Ref  24 

three  types  of  sites  within  the  magnetoplumbite  structtire:  octahedral, 
tetraliedral,  and  an  unusual  five-coordinated  trigonal  bipyramid  site. 

Magnetic  interactions  between  the  iron  ions  take  place  via  the  same 
-Fe-O-Fe-  superexchange  mechanism  found  in  spinel  ferrites.  Four  of 
the  twelve  irons  in  BaFei20i9  align  opposite  to  the  other  eight,  giving  a  net 
saturation  magnetization  of  (8  -  4)5  =  20  /zb  per  formula  unit.  Spin 
alignments  for  the  various  magnetic  ions  in  the  unit  cell  ai*e  shown  in  Fig. 
31,  illustrating  the  similarity  to  the  spinel  structure  The  satm*ation 
magnetization  is  also  similar  to  the  spinel  ferrites,  but  the  ciystalline 
anisotropy  is  much  larger  because  of  the  lower  symmetry.  In  BaFei20i9,  the 
Fe^  ^  spins  are  locked  tightly  to  the  1001 J  dii'ection  giving  a  high  anisotropy 
coefficient. 

Compared  to  the  best  metallic  permanent  magnets,  the  ferrite  magnets 
are  characterized  by  a  high  coercive  field  (He)  and  low  residual  magnetic 
induction  (B,).  The  origin  of  the  high  coercive  field  is  the  high 
magnetociystalline  anisotropy,  which  locks  the  spins  into  the  c-axis  orien¬ 
tation.  Representative  properties  for  the  OP  magnet,  and  for  barium  and 
strontium  hexaferrite,  are  listed  in  Thble  1.  The  ferrites  are  best  used  in  ap¬ 
plications  that  take  advantage  of  the  high  He  values,  such  as  DC  motoi'S, 
holding  devices,  and  magnetic  separators.  Flexible  rubber-bonded  fen'ites 
are  used  as  stators  and  as  magnetic  latching  devices. 

7.6  Preparation  and  Applications 

Barium  ferrites  are  generally  made  by  calcining  BaCOj  with  Fe20j  to 
form  BaFe^Oi.  The  oxide  is  then  ground  to  micron-size  powder,  compacted 
in  a  die,  and  sintered  at  1200  to  1300  ^’C  to  about  95%  theoretical  density. 
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lb  obtain  grain  alignment  with  a  three-fold  improvement  in  properties,  the 
powder  is  pressed  in  the  presence  of  a  magnetic  field  before  sintering. 
Bai'ium  ferrite  has  a  plate-like  morphology  with  the  easy  axis  of  magnetiza¬ 
tion  perpendicular  to  the  hexagonal  plates.  The  combined  action  of  parallel 
stress  and  magnetic  field  during  the  forming  operation  produces  a  highly 
oriented  grain  structure  with  spins  parallel  to  the  magnetic  field.  Tb  obtain 
a  high  remanent  magnetization,  it  is  important  to  avoid  grain  growth  during 
sintering.  Silicate  additions  are  used  as  grain  growth  inhibitors. 

The  uses  for  permanent  magnets  are  surprisingly  numerous  and  fre¬ 
quently  go  unnoticed.  Among  the  applications  are  telephones,  electric 
clocks,  televisions,  radios,  hearing  aids,  watt-meters,  phonographs,  and 
thermostats.  Poilable  appliances  such  as  the  electric  knife,  automobile 
accessories,  and  the  electric  toothbrush  use  low  voltage  DC  motors  with  per¬ 
manent  magnets.  In  industry,  they  are  used  in  magnetic  separators, 
microwave  systems,  magnetic  chucks,  and  computers. 

The  design  of  a  permanent  magnet  is  as  important  as  the  choice  of 
materials.  'Du-ough  improved  matenals  and  computer-aided  design,  the  per¬ 
formance  of  permanent  magnets  has  often  surpassed  electromagnets  in 
lower  cost  and  volumetric  efficiency.  Hie  performance  is  governed  by  the 
demagnetization  cui-ve,  the  nature  of  the  magnetic  circuit,  and  the  dimen¬ 
sions  of  the  magnet. 

The  basic  function  of  a  permanent  magnet  is  to  generate  a  useful  magnetic 
field  in  an  air  gap.  In  a  well-designed  circuit,  the  field  is  concentrated  across 
the  gap  with  the  aid  of  soft  magnet  pathways  for  the  flux. 

The  applications  for  peimanent  magnets  can  be  subdivided  into  static  and 
dynamic  functions.  Static  functions  include  separatore,  latches,  compasses, 
and  chucks  where  the  magnet  gives  a  mechanical  force,  and  magnetrons 
and  beam  focussing  devices  in  which  the  magnet  controls  an  electron  beam. 
Dynamic  devices  generally  involve  electric  to  mechanical  energy  conver¬ 
sion.  Examples  are  microphones,  phonograph  pickups,  telephone  bells,  and 
loudspeakers. 


8  SUMMARY 

In  this  brief  review,  many  interesting  topics  in  electroceramics  have  been 
omitted  or  given  only  cursory  attention.  More  complete  discussions  can  be 
found  in  Ref  25  and  26.  An  overview  of  structure-property  relationships  in 
electroceramics  is  given  in  Fig.  32,  w'hich  illustrates  the  various  atomistic 
mechanisms  utilized  in  ceramic  circuit  components.  Multilayer  capacitors, 
piezoelectric  transducei's,  and  positive  temperature  coefficient  thermistors 
make  use  of  the  properties  of  ferroelectric  pei'ovskites  with  their  high 
dielectric  permittivity,  large  piezoelectric  coefficients,  and  anomalous 
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Fig.  32  Overview  of  the  various  atomistic  mechanisms  involved  in 
electroceramic  components. 


electric  conductivity.  Similar  domain  phenomena  are  observed  in  fer- 
rimagnetic  oxide  ceramics  such  as  NiFe204.  Hard  and  soft  ferrites  are 
analogous  to  hai'd  and  soft  PZT  and  have  found  substantial  markets  in 
magnetic  tape  and  electric  motors. 

Several  kinds  of  mechanisms  are  operative  in  thermistors  and  other 
ceramics  used  as  sensors.  Most  are  based  on  changes  in  electrical  resistivi¬ 
ty,  but  the  causes  are  different.  The  critical  temperatm'e  thermistor  involves 
a  semiconductor-metal  phase  transition.  Negative  temperature  coefficient 
thermistors  make  use  of  the  semiconducting  properties  of  doped  transition- 
metal  oxides.  Ionic  conductivity  is  used  in  oxygen  sensors  and  batteries. 
Stabilized  zirconia  is  an  excellent  anion  conductor,  and  )8-alumina  is  one 
of  the  best  cation  conductors. 

Humidity  sensors  make  use  of  surface  conduction.  Adsorbed  water 
molecules  dissociate  in  hydroxyl  in  hydronium  ions,  which  alter  the  elec¬ 
trical  resistivity. 

Grain  boundary  phenomena  are  involved  in  boundary  layer  capacitors, 
varistoir,  and  positive  temperature  coefficient  thermistors.  The  formation 


- 
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of  thin  insulating  layers  between  conducting  grains  is  crucial  to  the  opera¬ 
tion  of  all  three  electroceramic  components.  Lastly,  the  impoitance  of  elec¬ 
troceramic  insulators  and  substrates  should  not  be  overlooked.  Here,  one 
strives  to  eliminate  most  of  the  interesting  effects  described  above,  but  this 
is  not  always  easy. 
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ABSTRACT 


The  simple  phenomenological  relation  which  relates  elastic  and 
dielectric  properties  in  an  insulating  crystalline  dielectric 
takes  the  form 


^ij  “  SijkiXjcl  ~  bmijPm  ^  QmnijPmPn 

(1) 


where  xij 
Xkl 
PmPn 
Si  jkl 
bmi  j 

Qmni  j 


is  the  induced  elastic  strain 
the  imposed  elastic  stress 

are  components  of  the  electric  polarization 
the  elastic  compliance  tensor 
the  piezoelectric  tensor  in  polarization 
notation 

the  electrostriction  tensor  in  polarization 
notation 


and  the  Einstein  summation  convention  is  assumed. 


Consideration  of  the  values  of  b  and  Q  for  a  very  wide  range  of 
highly  polarizable  solids  shows  that  for  field  levels  limited 
by  dielectric  breakdown  in  bulk  materials,  the  polarizations 
which  can  be  induced  are  such  that  the  strain  is  limited  to  the 
order  of  10"^. 


On  the  other  hand,  in  several  ferroelectric  crystals,  values  of 
spontaneous  polarization  occur  which  induce  strain  levels  up  to 
0,13;  i.e.,  13%.  Thus,  for  the  electrical  control  of  large 
strains  (>10“^)  in  bulk  materials,  it  is  logical  to  consider 
mechanisms  which  would  utilize  the  very  large  spontaneous 
strains.  It  may  be  noted  that  the  oxide  ferroelectrics  in 
which  these  large  strains  often  occur  are  brittle  solids  so 
that  fracture  mechanics  would  suggest  that  the  solid  should 


break  at  these  higher  strain  levels  due  to  stress 
concentration.  It  must  be  remembered  however,  from  equation 
(1),  that  the  strain  can  be  induced  by  polarization  at  zero 
stress  level  so  that  if  polarization  is  homogeneous  stress  will 
be  all  the  time  zero. 

In  this  talk  a  number  of  techniques  to  exploit  spontaneous 
strain  which  have  been  explored  in  the  Materials  Research 
Laboratory  (MRL)  at  Penn  State  for  high  strain  systems  will  be 
discussed. 

For  the  lead  lanthanum  zirconate  titante  (PLZT)  family  of 
ceramics,  compositions  can  be  chosen  in  which  it  is  possible  to 
switch  under  electric  field  from  a  random  nanopolar  state  of 
cubic  symmetry  to  a  highly  strained  macropolar  state.  In  these 
materials  strains  up  to  0.5%  can  be  Induced  and  controlled  by 
the  polarization  state. 

In  lead  zirconate  stannate  titanate  (PZSnT)  ceramics,  composi¬ 
tions  can  be  chosen  which  are  poised  on  the  phase  boundary 
between  antiferroelectric  and  ferroelectric  states.  For  a 
range  of  compositions  and  temperatures  the  ferroelectric  state 
can  be  induced  by  electric  field  resulting  in  a  very  large 
volume  expansion.  In  this  system  we  have  demonstrated  ceramics 
which  will  switch  strains  up  to  0.8%. 

Both  for  the  PLZT  and  the  PZSnT  systems  the  phase  switching  can 
be  very  fast  in  both  forward  and  backward  directions  so  that 
state  change  is  accomplished  in  less  than  1|1  second. 

For  more  specialized  applications  single  crystals  of  BaTiOa  can 
be  used  at  the  first  order  paraelectric  ferroelectric  phase 
transition  to  control  strains  up  to  0.6%.  Domain  changes  in 
these  crystals  can  be  used  to  generate  shape  change  exceeding 
1%  and  unusual  domain  controlled  bimorph  configurations  are 
possible.  Large  polarization  switching  in  ferroelectric 
ceramics  can  often  lead  to  fatigue  effects  on  repeated  exercise 
of  the  actuator,  and  techniques  to  modify  and  control  fatigue 
will  be  discussed. 

In  ferroelectric  thin  films,  electrical  breakdown  strength  is 
improved  over  bulk  materials  by  more  than  an  order  of 
magnitude.  Piezoelectric  and  electrostrictive  constants 
however  remain  comparable  to  bulk  ceramics  so  that  very  large 
strains  and  high  energy  densities  can  now  be  induced  directly. 
Present  results  using  very  thin  sol-gel  derived  lead  zirconate 
titante  (PZT)  films  will  be  briefly  discussed. 

INTRODUCTION 

To  describe  the  electro-elastic  interactions  in  insulating 
crystalline  dielectric  materials  it  is  customary  to  use  the 
phenomenological  equations  involving  the  piezoelectric  and 
electrostrictive  deformations  induced  by  electric  fields  in  the 
form 


Xij  *  SijklXjcl  +  draijEm  +  gmnijEmEn 


(1) 


where  Xij 

EmEn 
Sijkl 
dmi  j 
9mni  j 


are  components  of  the  induced  strain 
components  of  the  applied  electric  field 
components  of  the  applied  electric  field 
the  elastic  compliance  tensor 
the  piezoelectric  tensor 
the  electrostrlctlon  tensor. 


In  simple  linear  dielectrics,  alternative  forms  may  be  written 
transposing  stress  and  strain,  polarization  and  field  and  all 
constants  are  related  by  simple  transformations.  For  the  non¬ 
linear  ferroelectric  related  dielectrics  which  are  essential 
for  achieving  high  strain  behaviour  the  relation  between  E  and 
P  is  highly  nonlinear,  often  hysteretic  and  the  "constants" 
dmij  and  gmnij  are  strong  functions  of  both  field  and 
temperature.  In  such  materials  systems  it  is  simpler  to 
describe  the  elasto-dielectric  behaviour  using 


Xij  “  —  hmijPm  —  QmnijFmPn  (2) 

where  Pnif  Pn  are  components  of  electric  polarization 

bmij  the  piezoelectric  tensor  now  in  polarization 
notation 

Qmnij  the  electrostriction  tensor  again  in 
polarization  form. 


In  both  equations  (1)  and  (2)  the  Einstein  summation  convention 
is  assumed.  For  (2)  however,  the  coefficients  b  and  Q  are  now 
found  to  be  largely  independent  of  temperature  and  to  have 
similar  values  in  the  same  structure  families. 


For  bulk  samples,  the  polarization  levels  which  can  be  induced 
by  realizable  electric  fields  below  dielectric  breakdown  are 
such  that  even  in  very  high  permittivity  ferroelectric  or  para- 
electric  dielectrics  the  constants  b  and  Q  do  not  permit  the 
induction  of  strains  much  above  3*10“^.  In  ferroelectric 
crystals  however,  spontaneous  polarizations  occur  which  are 
order  of  magnitude  larger  and  in  some  cases  induce  strains 
-1-5.10-1. 


In  looking  for  new  electro-elastic  actuators  which  can  control 
strains  much  larger  than  conventional  piezoelectric  and  elec- 
trostrictive  ceramics  it  is  then  natural  to  look  for  materials 
in  which  P3  the  spontaneous  polarization  can  be  controlled. 

Two  basically  different  types  have  been  explored  in  this  study. 

1 .  Systems  which  may  be  switched  from  a  macroscopically 
nonpolar  to  a  macroscopically  polar  state  taking  the 
system  from  P  =  O  to  P  “  P5. 

2.  Systems  in  which  the  polarization  may  be  manifest  in 
more  than  one  orientation  (ferroelectrics)  and  where 
the  polar  domain  structure  may  be  altered  by  an 
electric  field  with  corresponding  major  modification 
to  the  strain  state. 


In  both  cases  it  may  be  noted  that  enhanced  strain  is  obtained 
by  moving  to  a  highly  nonlinear  possibly  hysteretic  behaviour. 
This  paper  will  however  be  concerned  primarily  with  the  phase 
change  systems . 

A  third  alternative  briefly  considered  here  depends  upon  the 
fact  that  recently  it  has  become  possible  to  fabricate 
perovskite  type  ferroelectric  oxides  in  thin  film  form.  In 
these  films,  as  in  other  organic  and  inorganic  dielectrics,  the 
electric  breakdown  field  is  vastly  improved  over  that  of  the 
bulk  ceramic  (~1  Mv/cm  as  compared  to  100  kV/cm  in  bulk 
ceramics)  leading  to  the  possibility  of  very  large  strains, 
high  energy  densities  and  quasi-linear  operation  in  these  thin 
film  systems. 

PHASE  SWITCHING  SYSTEMS 

INTRODUCTION 

Three  types  of  phase  switching  systems  have  been  extensively 
studied.  In  the  PLZT  family  of  relaxor  ferroelectrics  [1], 
compositions  can  be  found  which  switch  from  a  macroscopically 
cubic  nano-polar  state  into  a  strongly  polar  rhombohedral  state 
[2].  The  onset  of  polarization  is  accompanied  by  longitudinal 
strains  up  to  0.5%  with  the  highest  strains  occuring  for 
compositions  close  to  the  Morphotropic  phase  boundary  between 
rhombohedral  and  tetragonal  symmetry  macro  states.  Studies  in 
MRL  on  this  system  will  be  briefly  summarized  and  new  data 
presented  on  the  fatigue  behaviour  under  repeated  cycling.  A 
more  complete  account  is  given  in  [3] . 

For  certain  compositions  in  the  lead  lanthanum  zirconate  stan- 
nate  titanate  family  of  ceramics  compositions  can  be  chosen 
which  are  in  an  antiferroelectric  state  at  room  temperature  but 
are  very  close  in  free  energy  to  a  strongly  polar  ferroelectric 
state  so  that  antiferroelectric  to  ferroelectric  switching  can 
be  achieved  under  high  electric  fields.  The  switching  is 
accompanied  by  a  major  volume  expansion  in  the  lattice  and  the 
resulting  strain  can  be  controlled  by  controlling  the  volume 
fraction  switched  into  the  polar  state  by  limiting  the  charge 
which  flows.  The  work  will  be  briefly  summarized  here  a  more 
detailed  account  is  given  in  (4). 

In  highly  specialized  compact  systems  such  as  those  used  to 
control  the  surface  profile  of  infra-red  surface  deformable 
mirrors,  the  high  strain  actuation  which  can  be  achieved  in 
single  crystal  systems  is  of  interest  and  data  will  be 
presented  for  phase  switching  in  single  crystal  BaTiOs  at 
temperatures  just  above  Tc. 

MICRO-MACRODOMAIN  SWITCHING  IN  LEAD  LANTHANUM  ZIRCONATE 
TITANATE  (PLZT0  CERAMMICS 

The  composition  of  PLZT  explored  in  this  study  are  identified 
in  the  phase  diagram  of  figure  1.  Composition  are  believed  to 
conform  to  the  formula  Pbi-3x/2Lax(ZryTi2) O3,  though  they  are 


mrO, 


MOLC  «  mtiO, 


100  «0  W  TO  $0 


PkTiO, 

0 


Figure  1  Phase  diagram  of  PLZT  system  (after  Haertllng  and 
Land)  with  the  marks  of  the  selected  compositions. 


batched  with  excess  lead  oxide  to  promote  densif ication . 
Following  convention  the  description  is  simplified  to  the  form 
lOOx/lOOy/lOOz  so  that  for  example  Pbo.88Lao.08  t2ro.65Tio.35)  O3 
is  described  as  an  8/65/35  PLZT.  For  these  studies  the  La203 
was  in  the  range  4-8  mole%  and  the  Zr/Ti  ratio  was  adjusted  to 
keep  the  composition  close  to  the  morphotropic  phase  boundary 
between  rhombohedral  and  tetragonal  macro  symmetries. 

Composition  were  prepared  both  by  conventional  ceramic  process¬ 
ing  and  by  uniaxial  hot  pressing  to  achieve  a  range  of  grain 
size  and  of  pore  structures  in  the  ceramic.  For  studied  of 
initial  dielectric  elastic  and  electrostrive  response  micro¬ 
structure  and  density  were  not  critical.  However  in  fatigue 
behavior,  that  is  in  the  loss  of  properties  on  repeated  cycling 
these  parameters  were  most  important.  Typical  weak  field  di¬ 
electric  response  as  function  of  temperature  is  shown  in  figure 
2,  demonstrating  the  expected  increase  in  dispersion  and 
relaxor  ferroelectric  behaviour  with  increasing  La  content. 

High  field  behavior  for  all  compositions  is  hysteretic,  figure 
3a  and  accompanying  longitudinal  strains  are  shown  in  3b. 
Parameters  of  interest  for  the  whole  range  of  compositions  are 
summarized  in  Table  1.  Maximum  strain  achieved  in  this  family 
was  0.54%  and  it  may  be  noted  that  all  members  can  sustain  a 
remanant  strain  which  is  under  polarization  control.  Figure  4 
gives  typical  values  of  remanence  in  a  7/65/35  composition. 

Switching  studies  have  shown  that  switching  times  of  under  l^i 
sec  can  be  achieved  at  high  fields  and  that  aging  of  the 
remanent  strain  is  comparable  to  aging  of  the  fully  poled 
state . 

Cyclic  switching  between  states  will  be  essential  for  practical 
actuator  use  so  that  studies  of  property  degradation  as  a 
function  of  the  number  of  cycles  switched  (fatigue)  are  most 
important.  Initial  data  on  fatigue  under  repeated  cycling. were 
very  disappointing  typical  response  for  a  7/68/32  composition 
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Figure  2  Dielectric  constant  versus  temperature  for  three  MPB 
ceramic  compositions:  (a)  6/60/40,  (b)  7/62.5/37,5 
and  (c)  8/65/35) . 


Figure  3  (A):  Polarization-electric  field  hysteresis  loops 

for  the  MPB  compositions:  (a)  4/57/43,  (b)  6/60/40, 
(c)  7/62.5/37.5  and  (d)  8/65/35. 


Figure  3  (B) :  The  longitudinal  strain-electric  field 

hysteresis  loop  for  the  MPB  compositions: 

(a)  4/576/43,  (b)  6/60/40,  (c)  7/62.5/37.5  and 
(d)  8/65/35. 


TABLE  I 

FIELD  INDUCED  STRAIN  AND  RELATED  DIELECTRIC  DATA 


Figure  4  The  remanent  transverse  strain  as  a  function  of 

remanent  polarization  for  PLZT  7.5/65/35  Ceramic. 


is  given  in  figure  5  showing  severe  fatigue  starting  at  ~10^ 
cycles.  Several  different  types  of  surface  treatment  modified 
but  did  not  significantly  improve  response.  Additional 
experiments  (5)  have  proven  however  that  this  premature  failure 
is  a  surface  phenomenon  and  is  traceable  to  debonding  of  the 
gold  electrodes  used.  This  field  assisted  debonding  appears 
associated  with  traces  of  organic  contamination  on  the  surface 
and  can  only  be  relieved  by  high  temperature  annealing 
immediately  before  electrode  deposition.  For  a  hot  pressed 
7/65/32  sample  subjected  to  this  pre-anneal  before  electroding, 
no  fatigue  at  all  is  evident  up  to  10^  cycles  with  initial  and 
final  hysteresis  loops  superposing  exactly  and  there  is  no 
change  in  strain  behavior  (figure  6) . 

In  the  same  composition  made  by  conventional  ceramic 
processing,  subjected  to  the  same  electrode  treatment  fatigue 
is  again  evident,  now  however  as  a  volume  controlled 
phenomenon.  Other  tests  in  the  hot  pressed  7/65/35  also  show 
fatigue  re-appearing  in  grain  grown  material  (grain  size  -30^1 
meters) . 

For  the  8*4/65/35  fatigue  appears  very  different.  Even  in  the 
best  hot  pressed  ceramic  fatigue  appears  associated  with  inter¬ 
nal  micro-cracks  which  are  visible  in  the  body  of  the 
dielectric  and  appear  to  originate  at  field  concentrations  near 
the  electroded  edges  (figure  7)  . 

The  reason  for  this  behaviour  is  not  simply  the  strain  level, 
since  8/65/35  has  lower  electrostriction  than  the  7/68/32 
composition  vhich  shows  no  evidence  of  cracking  at  similar 
density,  grain  size  and  electrode  configuration. 


Figure  5  Premature  fatigue  in  a  PLZT  7/68/32  showing  the 
effect  of  different  surface  treatments,  when  the 
gold  sputtered  electrode  is  applied  after 
conventional  cleaning  using  organic  solvents.  The 
fatigue  is  associated  with  field  assisted  electrode 
debonding . 


No.  OF  CYCLES:  lo’  No.  OF  CYCLES:  2»10* 


Figure  6  Absence  of  fatigue  in  a  7/68/32  PLZT  after  high 
temperature  surface  cleaning.  Sputtered  gold 
electrode . 
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Figure  7  Fatigue  to  failure  in  PL2T  8.4/65/35.  Mechanism 

involves  the  formulation  of  micro-cracks  which  lead 
to  macroscopic  rupture. 


TABLE  II 

CHEMICAL  COMPOSITIONS  AND  THE  REFERENCE  NUMBERS 


No. 

CompoMiion 

4 

(  Fb^«9  Lftiittl 

J 

( nZr,niTii,„Snn  )0» 

6 

Zr,***Ti||,,Snoji  )0% 

7 

( L*noi  )Oi 

S 

iPho«tLlQoi  )0| 

9 

(Phn«TL>Anai  MZra^^Ti^iiSn®  jf  )Oj 

10 

(P^i«»L4i»oi  )iZrn*jTi(ni5ii*if  lO% 

II 

(P^^fLifio]  )(Zr«**Tijq,SH(»i.(i  )0> 

12 

( Phg*!  Ltfi  )(Zrff«oTi(y  MiSf^  iA  )0^ 

IJ 

(P^«f  Ljtoti  )(Zr«9ftTiotitf  Mji 

14 

Lji«wi  UZr0itTi*„,Sn»»(»  )0* 

The  studies  to  date  on  these  PLZTs  suggest  that  switching 
fatigue  depends  upon  the  complex  interplay  of  a  number  of 
variables  including  electrode  interface  properties,  microstruc¬ 
ture  including  grain  size,  density  and  flaw  population  and 
probably  also  upon  the  nature  of  the  electro-dielectric 
interaction  in  the  particular  composition.  It  is  however  most 
encouraging  to  have  the  demonstration  that  fatigue  can  be 
completely  eliminated  under  certain  circumstances. 

ANTIFERROELECTRIC :  FERROELECTRIC  SWITCHING  IN  MODIFIED  LEAD 

ZIRCONATE  STANNATE  TITANATE  COMPOSITIONS 

Studies  in  the  Materials  Research  Laboratory  at  Penn  State  have 
focused  upon  antiferroelectric  compositions  in  the  family 
(Pbo.97Lao.02) (ZrTiSn)03  in  which  the  Zr:Ti:Sn  ratios  are 
adjusted  to  explore  the  phase  boundary  with  the  ferroelectric 
rhombohedral  form.  The  compositions  studied  are  tabulated  in 
Table  2  and  the  position  in  the  phase  diagram  illustrated  in 
figure  8.  Samples  were  in  all  cases  prepared  by  conventional 
ceramic  processing  from  reagent  grade  oxides. 

Typical  hysteresis  and  longitudinal  strain  curves  taken  on 
sample  4  (Table  2)  are  shown  in  figure  9  and  the  parameters  for 
all  samples  studied  are  summarized  in  Table  3.  Evidently 
maximum  strains  up  to  0.87%  are  possible  in  the  higher  zirconia 
compositions  and  fortunately  this  is  combined  with  a  lower 
switching  field. 

An  important  consideration  for  the  practical  utility  of  these 
materials  is  the  speed  with  which  the  field  forced  phase  change 
can  be  accomplished  both  in  the  forward  AF-4F  and  in  the  back¬ 
ward  F— >AF  transitions.  Pulse  field  studies  have  shown  that 
forward  switching  is  fast,  figure  10  gives  data  for  composition 
5  which  is  quiet  typical.  Clearly  switching  can  be 
accomplished  in  times  ~l/3\l  sec  at  realizable  field.  Backward 
switching  when  the  field  is  simply  reduced  to  zero  is  slightly 
longer,  and  depends  on  the  degree  of  original  forward  poling. 
But  even  for  very  high  forward  fields  (figure  11)  the  back 
switching  is  accomplished  is  under  2. 5)1  sec.  Thus  for  most 
types  of  AF-F  actuators  the  speed  will  be  set  by  the 
propagation  of  the  strain  wave  and  not  by  the  polarization 
process . 

Fatigue  in  the  cyclic  switching  is  illustrated  for  composition 
6,  the  maximum  strain  material  in  figure  12.  In  spite  of  the 
fact  that  the  ceramic  is  not  near  theoretical  density  the 
polished  sample  only  shows  less  than  10%  change  in  switched 
polarization  after  5 '10^  cycles  a  very  encouraging  result. 
However  much  more  work  is  needed  to  define  and  control  the 
fatigue  processes  in  these  ceramics. 

SINGLE  CRYSTAL  SYSTEMS 

Early  studies  of  BaTi03  single  crystals  have  shown  that  the 
phase  change  at  Tc(135®C)  in  first  order,  and  that  for  a  range 
of  temperature  above  Tc,  the  spontaneous  polarization  Ps  miay  be 


Figure  8  Antiferroelectric  tetragonal  compositions  selected 
for  study  and  their  dielectric  hysteresis  loops. 


Figure  9 


Typical  polarization  and  strain  hysteresis  loops 
(composition  No.  4)  and  some  illustrated  parameters 
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Figure  iO  (a)  1/ts  (forward  switching  speed  versus  E. 


TABLE  III 


_ SWITCHING  DATA  FOR  DIFFERENT  COMPOSITIONS 

(a)  Group  1  con^osltions 


No. 

P 

(uC/cm^) 

Ea-F 

(kV/cm» 

(kV*;?m) 

xi  (Ind) 

5 

30 

30 

35 

0.18% 

13 

28 

30 

43 

0.45% 

10 

36 

28 

60 

0.5% 

9 

36 

24 

60 

0.59% 

7 

36 

22 

58 

0.52% 

6 

40 

21 

46 

0.87% 

(b) 

Group  2  compositions 

14 

31 

44 

56 

0.35% 

12 

32 

49 

59 

0.42% 

8 

30.5 

52 

68 

0.37% 

4 

43 

50 

75 

0.55% 

11 

33 

45 

60 

0.45% 

Figure  11  (a)  Backward  switching  current  under  different  dc 

poling  fields  and  (b)  backward  switching  time  as  a 
function  of  dc  poling  field  for  composition  No.  4. 
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Figure  12  Fatigue  in  AntiCerroeiectric  Ferroelectric  switching 
for  several  high  strain  compositions. 


reintroduced  by  a  realizable  electric  field  [6] .  The  behaviour 
can  be  predicted  quantitatively  on  the  basis  of  Devonshire's 
Phenomenological  theory. 

For  BaTiOs  the  Q  matrix  is  well  known  and  the  Qiivi  are  only 
weak  functions  of  temperature,  thus  it  is  possible  to  predict 
directly  the  levels  of  strain  which  should  be  achievable  as  a 
function  of  temperature  and  field  above  Tq. 

Using  a  Remeika  grown  crystal  the  polarization  and  strain  as  a 
function  of  temperature  are  shown  in  figure  13a,  b.  The 
maximum  strain  achievable  occurs  just  above  Tc  and  is  of 
order) 0.35%.  For  crystals  with  low  densities  of  90°  double 
twins,  there  is  no  evidence  of  fatigue  after  many  hours  of 
switching  at  20  Hz,  in  crystals  electroded  with  In-Ga 
electrodes . 

Larger  strains  can  be  induced  below  Tc  in  crystals  which 
contain  90  twins,  but  for  most  samples  the  strain  is  not 
completely  reproducible.  Attempts  to  measure  the  strain  change 
associated  with  the  field  forced  phase  change  from  orthorhombic 
to  tetragonal  state  at  temperatures  below  0°C  were  frustrated 
by  the  high  density  of  twins  in  the  low  temperature  state. 

FERROELECTRIC  THIN  FILMS 

Over  the  last  three  years,  there  has  been  increasing  interest 
properties  of  thin  films  of  PZT  and  PLZT,  deposited  on 
memo^^^?6?^^^^°"  wafers,  for  use  in  nonvolative  semiconductor 


The  important  feature  for  this  work  is  that  it  has  proven 
relatively  easy  to  generate  fully  ferroelectric  films  which 
show  'normal'  dielectric  hysteresis  by  a  range  of  different  low 
temperature  deposition  and  annealing  techniques. 

For  sol-gel  spun  on  films  of  PZT  52/48  ranging  in  thickness 
from  0.16  to  0.55^.  meters,  the  dielectric  response  at  low 
fields  and  the  ferroelectric  remanent  polarization  are  shown  in 
figure  14a,  b.  Clearly  for  such  films  one  must  expect  that  the 
electrostriction  constant  Qn  will  not  be  strongly  perturbed 
and  thus  that  the  films  should  be  strongly  piezoelectric. 
Measurements  in  our  laboratory  confirm  the  linear  dependence  of 
film  thickness  upon  applied  field  figure  15,  and  show  a 
piezoelectric  constant  daa  -  220  pC/N  almost  identical  to  that 
of  the  bulk.  Similarly  measurements  on  a  monomorph  configura¬ 
tion  in  which  the  film  is  deposited  on  a  thin  silicon  wafer 
yield  values  for  dai  ~  89  pC/N  again  in  good  agreement  with  the 
bulk . 

A  fascinating  facet  of  the  behaviour  of  PZT  in  thin  film  form 
is  the  escalation  of  the  dielectric  strength  which  occurs  at 
these  submicron  dimensions  so  that  Eb  1.2  MV/cm  as  compared 
to  -80  Kv/cm  in  bulk  ceramic.  Clearly,  if  the  piezoelectric 
constant  does  not  decrease  dramatically  at  high  field  levels 
above  the  10^  V/cm  which  has  been  measured,  the  direct  effect 
should  induce  strains  of  order  10"^  at  500  KV/cm. 

The  high  piezoelectric  coupling,  taken  together  with  the  high 
field  capability  of  the  PZT  provides  very  high  energy  density 
in  the  films  and  the  possibility  to  induce  large  surface 
deformations  in  a  monomorph  configuration  without  being  in 
resonance.  For  such  a  system  then  it  is  possible  to  develop  a 
traveling  surface  flexure  wave;  in  a  very  fine  scale  structure 
and  thus  to  generate  a  micro-minature  travelling  wave  flexure 
motor.  The  system  which  was  chosen  for  initial  experimentation 
is  illustrated  in  figure  16  and  has  been  shown  to  be  capable  of 
spinning  a  small  sub  millimeter  plattern  at  -120  rpm. 

CONCLUSIONS 

Phase  change  systems  involving  micro  to  macrodomain  switching 
in  PLZT  and  antiferroelectric  to  ferroelectric  switching  in 
PLSnZT  compositions  have  been  shown  to  give  rise  to 
polarization  controlled  deformations  up  to  0.85%.  Both  systems 
suffer  from  fatigue  effects  which  reduce  polarization  and 
strain  levels  on  repeated  switching,  but  there  is  strong 
evidence  that  the  fatigue  is  not  necessarily  intrinsic  and  that 
at  least  in  the  PLZT  system  switching  which  is  completely  free 
from  fatigue  can  be  achieved. 

In  both  ceramic  systems,  the  high  strains  are  accompanied  by 
nonlinear  hysteritic  behaviour.  For  certain  applications  this 
hysteresis  can  be  beneficial  in  that  it  would  permit  a  large 
bank  of  actuators  to  be  set  up  to  prescribed  strain  states 
using  pulses  from  a  single  power  supply.  For  both  systems 


Dielectric  Constant 


Figure  14  Dielectric  properties  as  function  of  thickness  for 
PZT  52/48. 

(a)  Weak  field  permittivity. 

(b)  Remanent  polarization. 


Figure  15 


a  function  of  applied  field  in 
ZT  52/42.  In  a  film  of  0.5(1  meter  thiclcness  on 
silicon. 


polarization  switching  is  very  fast  so  that  the  actuator  can  be 
set  up  in  sub  microsecond  periods. 

For  special  applications  it  may  be  advantageous  to  explore 
phase  switching  in  single  crystal  ferroelectrics  and  the  strain 
effects  in  BaTi03  are  used  for  illustration.  Strain  levels  up 
to  0  35%  are  achievable  near  135“C  in  this  system  and  no  doubt 
similar  performance  near  room  temperature  could  be  achieved  in 
KTN  single  crystals  of  suitable  composition. 

Ferroelectric  films  of  PZT  are  shown  to  have  piezoelectric 
properties  close  to  those  of  the  bulk  ceramic,  but  also  to  have 
much  higher  dielectric  strength.  The  combination  suggests  the 
possibility  of  piezoelectrically  controlled  strains  up  to  1% 
and  the  high  energy  densities  in  the  films  have  already  been 
exploited  in  an  ultra  miniature  travelling  flexure  wave 
piezoelectric  motor. 


Figure  16  Electrode  pattern  for  a  flexure  wave  motor  using  PZT 
on  a  silicon  nitride  diaphragm. 
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Abstract 

This  paper  is  a  review  of  the  symmetry  and  connec¬ 
tivity  of  composite  materials  with  particular 
emphasis  on  the  effect  that  these  have  on  composite 
properties.  Analogies  are  drawn  between  composites 
and  crystal  structures  to  demonstrate  the  similarities 
between  microscopic  and  macroscopic  connectivity. 
A  notation  for  composite  transitions  which  can  be 
used  to  describe  changes  in  symmetry  and  connec¬ 
tivity  is  also  presented. 

Introduction 

Composite  materials  are  interesting  for  the  wide 
variety  of  properties  which  can  be  achieved  through 
control  of  connectivity  and  symmetry.  Most 
frequently,  as  engineers  design  components  for  new 
applications,  it  is  these  variables,  connectivity  and 
symmetry,  which  are  manipulated  to  optimize 
behavior.  However,  with  the  range  of  applications 
for  composites  expanding  from  macroscopic 
electronic  or  structural  components  to  microwave 
(Guire,  1987)  and  optical  (Hale,  1976)  components, 
the  scale  of  a  composite  has  also  emerged  as  a 
critical  factor  in  determining  the  macroscopic 
properties.  As  the  natural  limit  of  composite  scaling 
corresponds  to  unit-cell  dimensions,  it  is  interesting 
to  reexamine  the  symmetry,  connectivity  and  proper¬ 
ties  of  composites  as  they  relate  to  conventional 
crystallography. 

Sum,  product  and  combination  properties 

A  composite  property  coefficient  can  arise  in  one  of 
three  ways;  as  a  sum  of  the  corresponding  coefficients 
in  the  individual  phases  (properly  weighted  for 
volume  fraction  and  orientation),  as  a  product  of  two 
or  more  different  properties,  each  of  which  is  present 
in  only  one  phase,  or  as  a  combination  of  two  or 


more  coefficients  which  are  each  present  in  both 
phases  (Newnham,  1985,  1986,  1988).  Examples  of 
sum  properties  include  the  dielectric  constant,  ther¬ 
mal  expansion  coefficient,  thermal  conductivity  and 
the  elastic  constants  (Hale,  1976).  Two  extremes  for 
sum  properties  can  be  visualized  -  one  in  which  the 
phases  are  aligned  parallel  to  the  probing  held  and 
the  other  in  which  they  are  perpendicular  (see  Fig. 
1).  Mathematically,  these  limits  are  described  by  the 
series  and  parallel  models  familiar  from  elementary 
expressions  for  circuit  resistance  or  capacitance. 
Although  these  expressions  are  useful  bounds  on 
sum  properties,  in  general  such  simplistic  mixing 
rules  are  poor  approximations  for  experimental  data 
if  the  two  phases  have  widely  different  properties. 
However,  if  additional  information  regarding  the 
composite  microstructure  is  available,  considerably 
more-accurate  descriptions  of  the  composite  property 
coefficients  can  be  derived  (Benveniste  &  Aboudi, 
1982;  Ashton,  Halpin  &  Petit,  1969;  Milton,  1981, 
1982;  Veidkamp,  1979). 

A  product  property,  however,  relies  on  a  reaction 
to  a  stimulus  in  one  phase  exciting  a  response  in  a 
second  phase,  and  it  is  this  response,  rather  than  the 
original  reaction,  which  is  measured.  One  of  the 
classic  examples  of  this  is  the  magnetoelectric  effect 
observed  in  dense  mixtures  of  aligned  BaTiOj  and 
cobalt  titanium  ferrite  grains  (van  den  Boomgaard, 
Terrell,  Born  &  Ciller,  1974;  van  Run,  Terrell  & 


*  Editorial  note.  This  invited  paper  is  one  of  a  series  of  com¬ 
prehensive  Lead  Articles  which  the  Editors  invite  from  time  to 
time  on  subjects  considered  to  be  timely  for  such  treatment. 


volume  Irection 

Fig.  I.  Series  and  parallel  mixing  rules  for  two-phase  composites. 
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Scholing,  1974).  When  exposed  to  a  magnetic  field, 
the  Ferrite  grains  deform  due  to  magnetostriction. 
This  shape  change  is  passed  along  to  the  ferroelec¬ 
tric,  which  in  turn  produces  a  measurable  electrical 
polarization.  Here  it  is  easily  seen  that  the  combined 
property,  magnetoelectricity,  cannot  (as  would  be  the 
case  for  a  sum  property)  be  written  as  a  sum  of  the 
magnetoelectric  effects  of  the  two  phases,  as,  indeed, 
neither  one  of  the  components  is  magnetoelectric. 

The  third  type  of  property,  the  combination 
property,  can  be  illustrated  by  ultrasonic  wave  velo¬ 
city.  For  a  long  thin  rod,  the  velocity  of  a  wave 
propagating  along  the  length  is  v  =  (Elpf  ^  where  E 
is  Young's  modulus  and  p  the  density.  If  such  a  rod 
is  formed  from  a  compliant  matrix  material  rein¬ 
forced  with  stiff  parallel  fibers,  the  ultrasonic  velocity 
varies  widely  depending  on  whether  the  fibers  are 
oriented  parallel  or  perpendicular  to  the  length  of  the 
rod  (Ross  &  Sierakowski,  1975).  The  distinguishing 
feature  which  makes  this  a  combination  rather  than 
a  sum  property  is  that  v„  the  velocity  for  waves 
travelling  transverse  to  the  fibers,  is  less  than  the 
wave  velocity  for  either  of  the  components.  Clearly, 
such  a  coeffcient  could  not  result  from  a  weighted 
sum  of  the  two  individual  wave  velocities.  Rather, 
the  slowness  of  this  wave  is  due  to  the  fact  that  the 
density  and  stiffness  vary  differently  with  the  volume 
fraction.  It  is  this  difference  in  mixing  rules  for  the 
two  properties  which  causes  the  combination 
property  v,  to  lie  outside  the  range  of  the  end  mem¬ 
bers.  The  longitudinal  wave,  v^,  however,  behaves 
more  normally.  In  this  case  the  stiffness  and  the 
density  follow  the  same  mixing  rule  and  the  values 
for  Y,  lie  within  those  of  the  end  members.  Another 
remarkable  example  of  combination  properties  is 
found  in  the  thermal  and  ultrasonic  behavior  of  silica 
aerogels  (Gronauer  &  Fricke,  1986;  Buttner  & 
Fricke,  1985).  It  has  been  shown  that  in  a  highly 
porous  aerogel  (<  10%  solid  phase)  the  ultrasonic 
wave  speed  can  drop  as  low  as  —  120  ms"', 
considerably  below  the  speed  of  sound  in  either  air 
or  dense  SiOj  (Gronauer  &  Fricke,  1986).  Moreover, 
if  this  material  is  evacuated,  the  thermal  conduc¬ 
tivity  falls  below  that  of  non-con vecting  air  (Buttner 
&  Fricke,  1985).  Clearly,  combination  properties 
offer  tremendous  opportunities  in  the  engineering  of 
composites. 

Composite  symmetry 

in  attempting  to  describe  the  anisotropic  properties 
of  a  composite,  it  rapidly  becomes  apparent  that 
fundamental  to  any  account  of  composite  properties 
is  a  di  cription  of  composite  symmetry.  Neumann's 
law  states  that  the  symmetry  of  any  physical 
property  of  a  material  must  include  the  symmetry  of 
its  point  group,  so  determination  of  the  composite 


point  group  is  essential  to  understanding  the 
property  anisotropy. 

There  are  some  composites  (notably  some  lami¬ 
nates,  cross-plys  and  perforated  or  extruded  materi¬ 
als)  which  possess  crystallographic  symmetry  on  a 
macroscopic  scale,  but  for  others,  one  of  the  Curie 
limiting  groups  is  more  descriptive.  The  following 
examples  serve  to  illustrate  different  types  of  symme¬ 
try  and  their  application  to  property  determination: 

Laminated  composites  made  from  glass-fiber- 
reinforced  epoxy  are  good  examples  of  composite 
materials  that  conform  to  crystallographic  symmetry. 
In  a  unidirectional  laminate,  glass  fibers  are  aligned 
parallel  to  one  another,  such  that  the  laminate  has 
orthorhombic  symmetry  (crystallographic  point 
group  ntmm).  Mirror  planes  are  oriented  perpendicu¬ 
lar  to  the  laminate  normal  and  perpendicular  to  an 
axis  formed  by  the  intersection  of  the  two  other 
mirrors.  Consequently,  the  physical  properties  of  a 
unidirectional  laminate  must  include  the  symmetry 
elements  of  the  point  group  iTtnvn.  As  such  a  lami¬ 
nate  is  heated,  it  will  change  shape  due  to  thermal 
expansion.  And,  since  glass  has  a  lower  thermal 
expansion  and  greater  stiffness  than  the  polymer,  less 
expansion  will  take  place  parallel  to  the  fiber  axis. 
The  laminate  will  therefore  expand  anisotropically 
but  it  will  not  change  its  symmetry,  i.e.  the  heated 
laminate  continues  to  conform  to  point  group  mmm. 

As  a  somewhat  more  complex  illustration,  con¬ 
sider  the  case  of  cross-ply  laminates  made  up  of  two 
unidirectional  laminates  bonded  together  with  the 
fiber  axes  at  90°.  Such  a  laminate  belongs  to  the 
tetragonal  point  group  42  m.  Laminated  composites 
with  ±  0  angle-ply  alignment  exhibit  an  ortho¬ 
rhombic  symmetry  which  is  consistent  with  point 
group  222  characteristics.  Here  again,  although  con¬ 
siderable  deformation  takes  place  on  heating,  the 
composite  retains  a  shape  compatible  with  its  crystal¬ 
lographic  symmetry  (sec  Fig.  2). 

Other  types  of  symmetry  elements  can  also  be 
introduced  during  processing.  For  example,  when  a 
plasticized  ceramic  slip  is  extruded  [as  is  the  case  for 
the  honeycomb  ceramics  used  as  catalyst  supports 
(Lachman,  Bagley  &  Lewis  1981)],  a  large  numtwr  of 
different  symmetries  can  be  incorporated  by  suitably 
altering  the  die.  By  filling  the  extruded  form  with  a 
second  phase,  composites  with  interesting  and  useful 
symmetries  can  be  produced.  Lead  zirconate  titanate 
(PZT)  honeycomb  ceramics  prepared  in  this  way 
have  been  transformed  into  piezoelectric  transducers 
by  electroding  and  poling.  The  net  symmetry  of  the 
honeycomb  transducers  depends  on  both  the  symme¬ 
try  of  the  honeycomb  and  on  the  poling  direction. 
For  a  square  honeycomb  pattern,  the  symmetry  of 
the  unpoled  ceramic  tetragonal  (4/mmm)  with  a  four¬ 
fold  axis  parallel  to  the  extrusion  direction.  When 
poled  parallel  to  the  same  direction  (Shrout,  Bowen 
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&  Schulze,  1980)  the  symmetry  decreases  to  4  mm. 
Transversely  poled  composites  filled  with  epoxy 
(point  group  mm2)  are  especially  sensitive  to  hydro¬ 
static  pressure  waves  (Safari,  Halliyal,  Newnham  & 
Lachman,  1982). 


(f)  (rf) 


angle-ply  laminate 


222  symmetry  twisted  CURVATURE 
ON  HEATING 


(0 

Fig.  2.  Changes  in  laminate  shape  on  heating,  (a)  Unidirectional 
laminate  consisting  of  parallel  glass  fibers  in  an  epoxy  material. 
(b)  The  orthorhombic  mnim  symmetry  of  the  composite  is 
maintained  on  heating,  (c)  Cross-ply  laminate  containing 
orthogonal  fibers  in  adjacent  layers,  (d)  Double  curvature 
occurs  on  heating,  consistent  with  i2m  symmetry,  (e)  ±0 
angle-ply  laminate  with  222  symmetry.  (/)  Twisted  curvature 
develops  when  the  temperature  is  raised. 


The  piezoelectric  properties  and  symmetry  of 
natural  composites  such  as  wood  and  bone,  however, 
conform  to  texture  symmetries.  For  texture  symme¬ 
try  groups  which  do  not  belong  to  the  32  crystallo¬ 
graphic  point  groups,  one  of  the  Curie  groups  «  com, 
00  00  ,  00 /mm,  00  m,  oo/m,  oo2  or  oo  is  more  appro¬ 
priate.  This  can  be  illustrated  by  considering  polar 
glass  ceramics  with  conical  symmetry  (Gardopee, 
Newnham  &  Bhalla,  1981).  A  glass  can  be  crystal¬ 
lized  under  a  strong  temperature  gradient  such  that 
polar  crystals  grow  like  icicles  into  the  interior  from 
the  surface.  Certain  glass-ceramic  systems,  such  as 
Ba2TiSi20g  and  Li2Si20s,  show  sizable  pyroelectric 
and  piezoelectric  e/Tects  when  prepared  in  this 
manner.  Polar  glass  ceramics  belong  to  the  Curie 
point  group  oom,  the  point  group  of  a  polar  vector. 
As  the  glass  is  crystallized  in  a  temperature  gradient, 
its  symmetry  changes  from  spherical  (ooaom)  to 
conical  (<»m),  the  same  symmetry  that  is  found  in  a 
poled  ferroelectric  ceramic. 

Recent  work  on  the  patterning  of  composites  by 
the  introduction  of  a  fugitive  ink,  which  is  then 
burned  out  during  firing,  leaving  controlled  voids 
(Kahn,  1985;  Kahn,  Rice  &  Shadwell,  1986; 
Utsumi,  Shimada,  Ikeda  &  Takamizawa,  1986; 
Utsumi,  Tsuzuki,  Suga  &  Takamizawa,  1986)  or 
through  chemical  etching  (Shiosaki  &  Kawabata, 
1986;  Shiosaki,  Tanizawa,  Kamei  &  Kawabata,  1983; 
Trolier,  Xu  &  Newnham,  1987,  1988),  has  greatly 
increased  the  possibilities  for  inducing  desired  sym¬ 
metries  in  composites.  The  thickness  mode  trans¬ 
ducer  shown  in  Fig.  3,  for  example,  has  been  etched 
with  a  spiral  trench  to  eliminate  the  appearance  of 
unwanted  lateral  and  coupled  inodes  which  would 
otherwise  interfere  with  the  thickness  resonance. 
Unpoled,  this  device  has  the  symmetry  <»/m,  a  Curie 
group  which  is  difficult  to  induce  by  conventional 
processing.  With  application  of  a  poling  field 
(symmetry  oom)  the  correct  designation  becomes  <». 

To  describe  magnetic  fields  and  magnetic  proper¬ 
ties  it  is  necessary  to  introduce  the  black-and-white 
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Table  1 .  Number  of  independent  property  coefficients  for  nonmagnetic  and  magnetic  Curie  groups 


Curie  group 

Pyroelectricity 

Permittivity 

Piezoelectricity 

Elastic  compliance 

Optical  activity 

(Type  of  tensor) 

Polar  1st  rank 

Polar  2nd  rank 

Polar  3rd  rank 

Polar  4lh  rank 

Axial  2nd  rank 

00  ooml' 

0 

1 

0 

2 

0 

00  00  ]' 

0 

1 

0 

2 

1 

oo/mml' 

0 

2 

0 

5 

0 

00 /ml' 

0 

2 

0 

5 

0 

ooml' 

1 

2 

3 

5 

0 

oo2r 

0 

2 

1 

5 

2 

00  r 

1 

2 

4 

5 

2 

Magnelic  Curie 
group 

Pyrogmagnetism 

Magnetic 

susceptibility 

Magnetoelectricity 

Piezomagnetism 

(Type  of  tensor) 

Axial  1st  rank 

Polar  2nd  rank 

Axial  3rd  rank 

Axial  4th  rank 

00  oom 

0 

1 

0 

0 

00  earn' 

0 

1 

0 

0 

00  00 

0 

1 

0 

0 

00 /mm' 

0 

2 

1 

1 

00 /mm 

I 

2 

0 

3 

oo  /m'm 

0 

2 

1 

0 

oo/m'm' 

0 

2 

2 

0 

00 /m 

1 

2 

1 

4 

00 /m' 

0 

2 

3 

0 

oom 

0 

2 

I 

1 

oom' 

1 

2 

2 

3 

*2 

0 

2 

2 

1 

00  2' 

1 

2 

1 

3 

00 

1 

2 

3 

4 

Curie  groups.  Magnetic  fields  are  represented  by 
axial  vectors  with  the  symmetry  <X‘lmm'.  The  symbol 
m'  indicates  that  the  mirror  planes  parallel  to  the 
magnetic  field  are  accompanied  by  time  reversal. 

The  magnetoelectric  composite  mentioned  earlier 
is  an  excellent  example  of  the  importance  of  symme¬ 
try  in  composite  materials.  In  combining  a  magnet¬ 
ized  ceramic  (symmetry  group  «>lmm)  with  a  polar 
ceramic  (symmetry  « m I')  the  symmetry  of  the  com¬ 
posite  is  obtained  by  retaining  the  symmetry 
elements  common  to  both  groups:  <x>m'. 

An  interesting  feature  of  this  symmetry  description 
is  its  effect  on  physical  properties.  As  stated  earlier, 
the  symmetry  of  any  physical  property  of  a  material 
must  include  the  symmetry  elements  of  the  point 
group.  A  full  listing  of  the  independent  property 
coefficients  possible  for  tensors  of  rank  1-4  is  given 
in  Table  1.  As  can  be  seen  there,  although  the 
symmetry  of  a  magnetized  ceramic  and  a  poled 
ferroelectric  both  forbid  the  occurrence  of  magneto¬ 
electricity,  their  combined  symmetry  ( <»  m')  allows  it. 
Thus,  by  incorporating  materials  of  suitable  symme¬ 
try  into  a  composite,  new  and  interesting  properties 
can  be  engineered.  Full  accounts  of  symmetry  and  its 
effect  on  properties  can  be  found  in  books  by  Shub- 
nikov  &  Koptsik  (1974)  and  Nye  (1985). 

Composite  connectivity 

One  classification  scheme  which  has  proven  instruc¬ 
tive  in  the  study  of  composites  has  been  that  of 


connectivity.  The  connectivity  of  any  phase  is  defined 
as  the  number  of  dimensions  in  which  the  com¬ 
ponent  is  self-connected.  As  a  matter  of  convention, 
active  phases  are  listed  first,  followed  by  inactive  and 
then  inert  phases.  Thus  a  typical  polycrystalline 
material  densified  by  liquid-phase  sintering  might  be 
designated  as  a  two-phase  0-3  composite  to  show  the 
grain  and  grain-boundary  connectivities.  Similarly,  a 
nearly  dense  ceramic  with  isolated  trapped  pores 
would  be  considered  a  3-0  composite  (Fig.  4).  Elabo¬ 
rating  the  possibilities  for  two  phases  leads  to  sixteen 
different  connectivities:  0-0,  1-0,  2-0,  3-0,  1-1,  2-1, 
3-1,  2-2,  3-2,  3-3,  0-1,  0-2,  0-3,  1-2,  1-3,  2-3,  the 
first  ten  of  which  are  geometrically  distinct 
(Newnham,  Skinner  &  Cross.  1978)  (Fig.  5).  As  the 
number  of  phases  increases,  the  following  criteria  are 
used  to  determine  the  order  of  components  (Pilgrim, 
Newnham  &  Rohlfing,  1987): 

1 .  unique  desired  property  (property  possessed  by 
only  one  phase); 

2.  desired  property  coefficient  in  a  shared 
property; 

3.  tensor  order  of  coefficient  or  property; 

4.  volume  fraction; 

5.  weight  fraction; 

6.  formula  weight  or  repeat  unit  weight. 

The  connectivity  of  a  composite  frequently  gives 
considerable  insight  into  its  physical  properties. 
From  the  natural  world,  wood  is  an  example  of  a 
complex  composite  composed  of  a  highly  polymer¬ 
ized  carbohydrate  (50-^%  of  which  is  cellulose). 
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lignin,  gums,  resins  and  ash.  As  the  tree  grows,  these 
materials  form  a  tubular  structure  (Fig.  6)  with  the 
cellulose  chains  aligned  along  the  tubes.  Since  the 
connectivity  of  the  cellulose  largely  determines  the 
mechanical  properties,  it  is  not  surprising  that  the 
linear  thermal  expansion  coeflicient  of  wood  is  mark¬ 
edly  lower  in  the  longitudinal  direction  (i.e.  along  the 
chains)  than  it  is  normal  to  them  (Weatherwax  & 
Stamm,  1946). 

To  capitalize  on  elTects  like  this,  when  composites 
are  engineered,  the  connectivity  is  often  the  means 
through  which  the  property  coefficients  of  the  active 
phase  are  effectively  modified  to  enhance  those  of  the 
composite.  For  example,  in  hydrophones  used  as 
underwater  pressure  sensors,  the  hydrostatic  piezo¬ 
electric  strain  coefficient,  (defined  as  djj  +  Id^i 
where  3  is  the  polar  axis),  is  related  to  the  overall 
device  sensitivity.  For  most  of  the  ferroelectrics  used 
in  such  transducer  applications,  however,  dj, 
resulting  in  a  very  low  d,,  coefficient.  By  properly 
interrupting  the  continuity  of  the  ferroelectric  phase 
in  the  transverse  direction,  changing  the  ratio  of  dj, 
to  dii,  it  has  been  possible  to  raise  the  hydrophone 
figure  of  merit: 

gh^H  —  (di,)^/ 

where  =  hydrostatic  piezoelectric  voltage  coeffi¬ 
cient  and  =  dielectric  constant  along  the  polar 


(*) 


Fig.  4.  Schemaiic  illustrating  the  dilTerence  between  0-3  and  3-0 
connectivities,  (a)  represents  a  liquid-phase  sintered  material 
where  the  grains  have  been  completely  isolated  by  the  grain 
boundaries  giving  0-3  connectivity.  In  (b)  the  situation  has  been 
reversed  so  that  the  active  phase  is  connected  in  three  dimen¬ 
sions  while  the  pores  are  isolated  (3-0  connectivity). 


direction,  by  up  to  two  orders  of  magnitude  (Ginie- 
wicz,  1985). 

Connectivity  in  crystals  and  composites 

One  way  to  emphasize  the  correlation  between  a 
composite’s  symmetry  and  connectivity  and  its 
properties  is  to  regard  macroscopic  composites  as 
natural  extensions  in  scale  of  certain  crystal  struc¬ 
tures.  Thus,  for  example,  the  highly  anisotropic 
bonding  in  graphite  produces  a  layer  stnicture  (Fig. 


2-1 


J-l 


2-2 


m 


3-2 


3-2 


3-3 


Fig.  S.  The  ten  geometrically  distinct  connectivity  patterns  (after 
Newnham  tt  a!.,- 1978). 


Height  of  tree 


Fig.  6.  The  microstnicture  of  wood  showing  the  cellulose  lubes. 
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la)  which  is  a  clear  prototype  for  lamellar  compo¬ 
sites.  Hexagonal  boron  nitride  (which  crystallizes  in 
a  structure  similar  to  graphite)  has  the  same  two- 
dimensional  connectivity  in  the  strong  bonding.  The 
resulting  anisotropy  of  thermal  conductivity  makes 
this  material  attractive  in  applications  like  heat 
shielding  (Newnham,  1975)  where  it  is  imperative 
that  any  heat  generated  be  conducted  rapidly  away 
in  two  dimensions  without  penetrating  through  the 
third.  This  is  comparable  to  some  of  the  macroscopic 
2-2  composites  proposed  as  multilayer  ceramic  pack¬ 
ages  for  Si  chips  (Fig.  lb).  Here  again  it  is  important 
that  the  heat  generated  by  the  integrated  circuits  not 
be  permitted  to  reach  the  signal  carrying  layers 
where  requirements  for  low  dielectric  constant  man¬ 
date  the  use  of  porous  materials  (which  are  in  gen¬ 
eral  poor  thermal  conductors).  If  the  heat  does  reach 
those  layers,  it  dissipates  slowly,  leading  to  degra¬ 
dation  of  the  circuit  performance  as  the  chips  over¬ 
heat.  To  prevent  these  problems,  a  layer  of  high 
thermal  conductivity  could  be  incorporated  into  the 
design  to  expedite  the  transfer  of  heat  to  regions 
where  it  can  be  removed  more  efRciently. 

As  a  second  example  of  this  principle,  consider  the 
structure  of  SbSI  (shown  in  Fig.  So).  Here  the  ferro¬ 


Sa — *. 


(a) 


electric  chains  are  clearly  separated  in  the  crystal 
structure  itself,  leading  to  a  much  larger  piezoelectric 
coelTicient  along  the  chains  than  perpendicular  to 
them  (Hellwege  &  Hellwege,  1982).  Although  SbSI  is 
not  a  composite,  it  can  be  regarded  as  a  prototype 
for  one  if  the  space  between  the  chains  is  considerki 
a  three-dimensionally  connected  ‘phase'.  This  serves 
as  a  good  model  for  the  1-3  biomedical  transducers 
(Gururaja,  Schulze,  Cross  &  Newnham,  1985; 
Gururaja,  Schulze,  Cross,  Newnham,  Auld  &  Wang, 
1985;  Takeuchi  &  Nakaya,  1986;  Nakaya,  Takeuchi 
&  Katakura,  1987;  Takeuchi,  Nakaya  &  Katakura, 
1984;  Smith,  1986)  in  which  the  ferroelectric  active 
phase  is  decoupled  in  the  lateral  dimensions  by 
dicing  a  ferroelectric  block  and  backfilling  with  a 
polymer  (Fig.  86).  By  artihcialiy  producing  an  SbSI- 
like  structure  in  this  manner,  researchers  have  been 
able  to  reduce  coupling  to  lateral  resonances  which 
would  otherwise  decrease  the  resolution  available 
from  the  imaging  device  (Takeuchi  &  Nakaya,  1986; 
Nakaya,  Takeuchi  &  Katakura,  1987;  Takeuchi, 
Nakaya  %  Katakura,  1984;  Smith,  1986). 

Anoti.v  ;  elegant  example  of  composite  symmetry 
mimicking  crystal  symmetry  is  that  of  the  double 
diamond  phase  shown  by  phase-separating  polymers 
through  a  narrow  range  of  volume  fractions 
(Thomas,  Alward,  Kinning,  Martin,  Handlin  &  Fet¬ 
ters,  1986;  Thomas,  Anderson,  Henkee  &  Hoffman, 
1988;  Hasegawa,  Tanaka,  Yamasaki  &  Hashimoto, 
I987X  Films  cast  from  a  mixture  of  starblock  or 
linear  diblock  polystyrene-polyisoprene  copolymer 
units  dissolved  in  toluene  spontaneously  self- 


8uHur 


(a) 


Fig.  7.  (a)  The  crystal  structure  of  graphite  showing  the  layers  due  Fig.  8.  (a)  The  crystal  structure  of  SbSI  showing  the  ferroelectric 
to  the  anisotropy  in  bonding,  (h)  A  proposed  package  for  Si  chains,  (b)  A  1-3  composite  transducer  used  for  medical 
chips  with  a  diamond  layer  incorporated  to  remove  heat.  imaging. 
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assemble  into  configurations  with  a  minimum  of 
surface  separating  the  two  phases.  For  polystyrene 
volume  fractions  between  —27  and  38%,  the 
polyisoprene  assumes  two  interpenetrating  diamond 
lattices  with  the  polystyrene  serving  to  fill  the  space 
between  them.  As  shown  in  Fig.  9,  this  is  analogous 
to  the  double  diamond  structure  formed  by  Cu^O. 
The  properties  of  the  phase-separated  polymer  reflect 
the  transitions  in  connectivity  as  the  volume  fraction 
of  polystyrene  is  varied.  Thus,  as  might  be  expected, 
the  room-temperature  storage  modulus  of  the  com¬ 
posite  jumps  by  a  factor  of  ten  at  the  transition  to 
the  3-3  connected  double  diamond  structure  from 
the  3-1  cylinder  morphology. 


Connectivity  transitions 

One  aspect  which  makes  composites  interesting  to 
study  is  that,  unlike  in  a  crystal  where  the  connec¬ 
tivity  is  determined  by  the  structure,  in  composites 
the  connectivity  can  be  altered  continuously  through 
changes  in  the  volume  fraction  of  components,  the 
relative  size  scale  of  the  phases,  and  in  some  cases 
through  applied  ‘forces'  like  temperature  or  pressure. 
Transitions  in  connectivity  due  to  any  of  these 
factors  can  cause  significant  property  changes  and 
indeed,  in  some  cases,  serve  as  the  basis  for  compo¬ 
site  sensing  devices.  An  example  of  a  composite 


Fig.  9.  (a)  The  double  diamond  phase  shown  by  phase  separating 
polymers,  (b)  CU]0  structure. 


showing  connectivity  transformations  as  a  function 
of  both  filler  volume  fraction  and  temperature  is  the 
family  of  carbon-black-loaded  polyethylene  thermis¬ 
tors.  As  the  volume  fraction  of  filler  is  increased, 
isolated  carbon  particles  link  up  and  form  chains 
through  the  matrix,  transforming  the  composite  from 
0-3  to  3-3  connectivity.  The  substantial  decrease  in 
the  resistivity  of  the  composite  accompanying  the 
formation  of  continuous  conductor  chains  can  be 
described  by  percolation  theory  (Aharoni,  1972; 
Bueche,  1978).  Use  of  these  composites  as  thermis¬ 
tors  requires  that,  for  a  given  volume  fraction  filler, 
the  resistivity  change  as  a  function  of  temperature.  In 
the  case  of  the  carbon-loaded  polyethylenes,  the  PTC 
(positive  temperature  coefficient  of  resistance)  effect 
is  due  to  the  large  volume  increase  accompanying  the 
crystalline-amorphous  transition  of  polyethylene  at 
—400  K.  This  forces  the  conducting  particles  apart, 
leading  to  a  reversion  to  0-3  connectivity  for  the 
composite  and  a  sudden  rise  in  resistivity. 


Composite  scaling 

A  third  interesting  phenomenon  found  in  composites 
which  lacks  an  apparent  counterpart  in  crystals 
arises  when  another  component  is  added  to  the 
above-mentioned  thermistor  to  improve  the  high- 
temperature  mechanical  stability.  This  second  filler 
[originally  mullite  or  alumina  (Rohifing,  1987)]  has  a 
much  larger  grain  size  than  the  carbon  particles  so 
that  it  serves  as  a  framework  for  the  composite  at 
higher  temperatures,  preventing  slumping  of  the 
polyethylene.  Although  it  is  still  acceptable  to  term 
this  a  0-0-3  composite,  a  far  better  description 
would  be  3(0-3)-0  in  which  the  carbon-polyethylene 
is  written  as  a  quasi-composite  isotropic  on  the  scale 
of  the  mullite  (Pilgrim,  Newnham  &  Rohifing,  1987; 
Rohifing,  1987). 

Additional  protection  against  the  effects  of 
extreme  temperature  excursions  in  composite  ther¬ 
mistors  is  possible  if  the  third  phase  is  able  to  store 
heat  below  the  slumping  temperature  of  the  carbon- 
polyethylene  matrix.  Pentacrythritol,  C(CH20H)4, 
for  example,  has  a  solid-state  phase  transition  at 
453  K.  When  this  material  is  used  as  the  second  filler, 
heat  is  absorbed  at  the  transition,  and  the  tempera¬ 
ture  is  stabilized  below  that  where  the  matrix 
deforms  irreversibly  (Brodeur).  Moreover,  because  it 
is  much  larger  in  size  than  the  graphite  particles,  the 
pentaerythritol  also  serves  to  stabilize  mechanically 
the  quasi-composite  matrix,  as  did  the  mullite  in  the 
previous  example. 

This  type  of  scaling  can  be  especially  important 
when  analyzing  a  composite's  properties  as  a  func¬ 
tion  of  the  wavelength  of  an  exciting  field.  Often,  the 
whole  point  of  making  a  composite  is  to  modify  the 
properties  of  one  phase  with  that  of  the  other.  If  the 
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wavelength  of  the  interrogating  field  is  too  small, 
however,  it  encounters  only  one  phase  at  a  time, 
rather  than  the  desired  ‘average'  of  the  phases.  Scale 
is  critical  in  the  1-3  composites  used  to  generate  and 
receive  ultrasound  for  biomedical  imaging  (Fig.  8). 
In  addition  to  the  desired  thickness  resonance,  such 
systems  also  undergo  lateral  running  resonances.  If 
the  periodicity  of  the  pattern  is  too  coarse,  these 
lateral  resonances  move  to  lower  frequencies  where 
they  may  interfere  with  the  purity  of  the  thickness 
vibration  (Smith,  1986).  This,  in  turn,  results  in 
spurious  signals  and  a  loss  in  resolution  of  the 
diagnostic  image.  Consequently,  to  ensure  that  the 
composite  can  be  treated  as  a  homogeneous  medium 
vibrating  only  in  the  thickness  direction,  the  compo¬ 
site  scale  must  be  fine  enough  to  drive  the  additional 
modes  above  the  thickness  resonance.  As  a  second 
example,  consider  the  composites  used  in  optical 
components.  Here,  the  optical  properties  of  the 
matrix  and  hence  the  propagation  of  an  electromag¬ 
netic  wave  can  he  tailored  with  a  filler  that  is  smaller 
than  the  wavelength  of  light.  When,  however,  the 
heterogeneities  approach  the  wavelength  in  size,  they 
begin  to  scatter  light  rather  than  modulate  it  (Egan 
&  Aspnes,  1982).  The  whole  process  is  analogous  to 
the  scattering  of  X-rays  by  crystals. 

Similar  effects  are  also  noticeable  in  measuring  the 
fracture  toughness  of  composites  (even  when  the  two 
components  are  grain  and  grain  boundary  in  a 
‘single-phase’  material)  where,  depending  on  the  size 
of  the  crack  induced,  the  measured  fracture 
toughness  changes  (Mussler,  Swain  &  Claussen, 
1982).  One  explanation  for  this  is  that  large  cracks 
encounter  both  the  matrix  and  the  filler,  leading  to 
high  fracture  toughnesses.  Small  cracks,  on  the  other 
hand,  might  lie  entirely  within  the  matrix  phase, 
where  there  is  no  mechanism  for  increasing  the 
luughness,  so  (hut  the  measured  fracture  toughness  is 
lower  even  though  the  material  itself  is  unchanged. 
For  maximum  toughness,  (hen,  the  second  phase 
must  be  regularly  encountered  on  the  scale  of  the 
crack.  Consequently,  in  fabricating  a  composite  it  is 
essential  to  ensure  that  the  scale  of  the  components  is 
acceptable  with  respect  to  the  probing  ‘held’. 


Transitions  in  composites 

Regarding  the  connectivity  of  a  composite  as  linked 
to  the  composite’s  ‘state’,  one  can  dehne  a  notation 
for  connectivity  transformations  analogous  to  that 
developed  by  Aizu  (1965,  1966)  for  ferroic  phase 
transitions.  In  Aizu's  notation,  the  transition  to  a 
ferroelectric  phase  caused  by  any  ‘force’,  such  as  a 
change  in  temperature  (7)  or  applied  electric  held 
(£),  can  be  described  by  listing  the  prototype  symme¬ 
try  and  the  hnal  symmetry,  separating  them  with  an 


F  to  signify  the  ferroelectric  transition.  Thus,  the 
cubic-tetragonal  phase  change  in  barium  titanate 
would  be  written  as  m3m  F  Amm. 

it  should  be  noted  that  Aizu’s  notation  deals  with 
thermodynamically  well  dehned  states.  Thus,  the 
initial  and  hnal  states  are  independent  of  the  path 
taken  to  reach  them  (i.e.  whether  the  material 
becomes  ferroelectric  due  to  a  decrease  in  tempera¬ 
ture  or  under  the  influence  of  an  applied  electric 
held)  and  the  transitions  are  reversible.  Transitions 
in  composites,  however,  are  often  not  strictly  state 
changes.  Moreover,  because  composites  are  not  com- 
positionally  homogeneous,  it  is  inappropriate  to 
equate  transformations  in  multiphase  materials  with 
true  phase  transitions  in  single-phase  materials.  For 
example,  the  change  from  a  3-3  to  a  0-3  composite 
(Fig.  10)  in  the  case  of  a  metal-loaded  polymer  could 
be  caused  by  an  increase  in  temperature,  a  decrease 
in  pressure  (P),  or  the  presence  of  some  chemical  (C) 
which  swells  the  matrix  phase.  Although  the  net 
result  ill  each  case  is  a  0  3  insulating  phase,  there  are 
some  fundamental  differences  between  the  hnal 
‘states’  in  each  case.  For  this  reason,  rather  than 
separating  the  initial  and  hnal  symmetries  with  an 
indication  of  a  ‘state’  change  like  Aizu’s  F,  it  is  better 
to  delineate  the  transition  by  the  force  which  is 
responsible  for  it.  The  advantage  of  a  nomenclature 
of  this  type  is  its  broad  applicability;  transitions 
caused  by  processing  can  be  described  in  the  same 
manner  as  true  state  changes.  Thus,  in  a  single-phase 
material  like  a  random  array  of  ferroelectric  grains, 
the  transition  caused  by  poling  would  be  written  as 


(6) 

Fig.  to.  A  Khematic  of  percolation  in  a  two  phase  composite 
showing  the  transition  from  3-3  to  0-3  connectivity. 


R.  E.  NEWNHAM  AND  S.  TROUER-McKINSTRY 


455 


DO  com  E’  00 m,  where  the  superscript  s  denotes  a 
symmetry  change.  Similarly,  heating  a-quartz  above 
846  K  leads  to  a  displacive  phase  transition  to  the  p 
Form  which  can  be  described  as  32  T’  622.  In  a 
composite,  however,  both  the  symmetry  and  the 
connectivity  should  be  defined,  so  the  poling  of  a  0-3 
composite  of  ferroelectric  gains  in  a  polymer  matrix 
would  be  written  «  oom  0-3  £’  <»m  0-3. 

In  general,  it  can  be  seen  that  there  are  several 
types  of  transitions  which  can  take  place  in  compo¬ 
sites:  transitions  in  the  properties  of  a  single  phase, 
transitions  which  involve  changes  in  connectivity 
only,  those  which  involve  only  a  symmetry  change 
(i.e.  an  alignment  of  symmetry  elements  already 
present  in  one  of  the  phases  as  shown  above  for  the 
poling  example),  and  those  which  involve  a  simul¬ 
taneous  change  of  two  or  more  of  these.  As  it  is 
unlikely  that  one  variable  alone  could  force  concur¬ 
rent  changes  in  the  symmetry  and  connectivity,  it  is 
important  to  distinguish  between  the  forces  respon¬ 
sible  for  the  different  changes.  This  can  be  done  by 
denoting  F’’  as  the  force  responsible  for  changes  in  a 
phase's  properties,  as  the  force  causing  composite 
symmetry  transitions  and  F'^  as  the  connectivity¬ 
changing  force.  This  is  similar  to  the  notation  pro¬ 
posed  by  Pilgrim,  Newnham  &  Rohlhng  (1987) 
except  that  forces  changing  composite  symmetry  are 
also  included  here. 

As  an  example  of  the  application  of  this  notation 
to  connectivity  changes,  consider  the  0-3  material 
used  as  a  piezoresistive  pressure  sensor.  Here  an 
epoxy  is  us^  as  a  matrix  for  powders  of  Sb-doped 
Sn02  or  graphite.  When  pressure  is  applied,  the 
conducting  particles  are  forced  into  electrical  con¬ 
tact,  causing  a  sharp  drop  in  resistivity.  This  transi¬ 
tion  would  be  written  by  *  <»m  0-3  <*>  oom  3-3.  A 

somewhat  more  complex  example  of  connectivity 
change  is  given  by  a  system  composed  of  an  organic 
solvent,  a  surfactant  (didodecyidimethylammonium 
bromide)  and  water  (Hoffmann  &  Ebert,  1988).  In  the 
diphasic  system  formed  without  water,  the  surfactant 
appears  in  rodlike  micelles  which  can  link  up  into  a 
three-dimensional  network  through  the  organic  sol¬ 
vent.  As  water  is  added,  it  is  solubilized  in  the  micelle 
interiors,  resulting  in  a  1-3  water-surfactant  connec¬ 
tivity.  (Water  is  regarded  as  an  active  phase  here 
because  it  conducts  electrically.)  When  the  water 
concentration  is  raised  beyond  a  certain  limit,  the 
rods  break  down  into  globules,  imprisoning  the  H2O 
at  globule  centers.  As  a  consequence,  the  conductor 
networks  are  destroyed,  and  the  resistivity  rises.  The 
overall  conductivity  transition  would  then  be  written 
as  00  00 /n  3(l-3>-3  C  00  oom  0(0-3>-3  where  C  de¬ 
notes  the  compositional  change. 

Alignable  polycrystalline  ceramics  provide 
excellent  examples  of  transitions  in  symmetry  alone. 
Hence,  magnetization  of  a  porous  y-Fe203  film 


would  be  described  by  0000m  3-0  IP  «)/mm'  3-0, 
and  poling  of  a  liquid-phase  sintered  ferroelectric 
would  be  00  oom  0-3  £*  oom  0-3. 

Finally,  V203-loaded  thermistors  (Moffatt,  Runt, 
Safari  &  Newnham,  1986)  demonstrate  the  notation 
for  phase-property  changes  alone.  In  this  material, 
the  phase  transition  at  150  K  from  monoclinic  to 
rhombohedral  of  the  filler  is  accompanied  by  a 
change  from  semiconducting  to  metallic  conduction. 
Although  this  entails  changes  in  the  symmetry  of  the 
filler  phase  and  the  properties  of  the  composite,  the 
overall  composite  symmetry  remains  unaltered. 
Consequently,  this  transition  is  written  as  0000  m 
3-3  7'/’  DO  00  m  3-3.  The  difference  between  the 
high-  and  low-temperature  states  is  that  at  lower 
temperatures  both  phases  are  inert  so  that  the 
higher-volume-fraction  polyethylene  matrix  is  writ¬ 
ten  first  and  at  higher  temperatures  the  filler  is 
written  first  as  it  has  become  an  active  phase 
(Pilgrim,  Newnham  &  Rohifing,  1987). 

The  notation  is  equally  applicable  to  more  com¬ 
plex  or  to  sequential  transitions.  To  return  to  the 
case  of  conductor-loaded  insulators,  changes  in  the 
connectivity  due  to  different  forces  would  be  notated 
as  ao  oom  3-3  T  00  com  0-3  for  thermistors  (Aharoni, 
1972;  Bueche,  1978;  Rohifing,  1987;  Moffatt  et  al., 
1986)  0000m  0-3  00  oom  3-3  for  piezoresistive 

pressure  sensors  (Carmona,  Canet  &  Dielhaes,  1987; 
Yoshikawa,  Ota,  Newnham  &  Amin,  1990)  and 
ao  oom  3-3  C  00  oom  0-3  for  some  chemical  sensors 
(Lundberg  &  Sundqvist,  1986).  In  the  more- 
complicated  three-phase  thermistors  employed 
by  Brodeur  (private  communication),  as  the  tem¬ 
perature  is  raised  from  absolute  zero,  the  transitions 
in  connectivity  can  be  written  as 

00  oom  3(3-3)-0 T 0000m  3(0-3)-0 Too  oom 0-3(0-3), 

where  the  last  transition  denotes  the  change  of 
pentaerythritol  from  a  passive  to  an  active  phase 
[i.e.  the  transition  is  written  as 

Q{C-M)-P  <=^  Q{C-My-P  ^  P-Q{C-\f). 

Q  =  quasi-composite  notation,  C  =  conductor,  Af  = 
matrix  polyethylene,  P  =  pcntaerythritolj. 

Finally,  the  poling  of  a  0-3(0-3)  composite  com¬ 
prised  of  small  particulate  carbon  and  larger  grains 
of  PZT  in  an  epoxy  matrix  would  be  written  as 
00  oom  0-3(0-3)  TE’  oom  0-3(3-3)  P"  oom  0-3(0-3) 
(where  the  second  transition  describes  the  return  to 
ambient  pressure)  (Sa-gong,  Safari,  Jang  & 
Newnham,  1985;  Sa-gong,  Safari  &  Newnham, 
1986). 

Sommary 

Some  fundamental  aspects  of  composite  symmetry 
and  connectivity  and  their  relation  to  composite 
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properties  have  been  reviewed.  Connectivity  of  com¬ 
posites  is  shown.  Tor  several  configurations,  to  be  a 
natural  extension  from  well  known  crystal  structures. 
The  concept  of  composite  scale  and  its  effect  on 
properties  is  summarized. 

A  notation  for  transitions  in  composites  based  on 
Aizu's  formulation  for  ferroelectrics  and  expanded 
from  Pilgrim's  nomenclature  is  also  presented.  Three 
major  types  of  transitions  are  identified:  those  which 
involve  changes  in  the  properties  of  a  phase,  those 
which  alter  the  symmetry  of  the  composite,  and 
those  which  modify  the  composite  connectivity.  The 
transition  is  then  identified  by  listing  the  prototype 
symmetry  and  connectivity,  the  driving  force  for 
each  change  (notated  to  identify  the  type  of  change) 
and  the  final  symmetry  and  connectivity.  This  pro¬ 
cess  can  be  repeated  for  successive  transformations. 
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‘Smart*  materials  have  the  abitity  to 
perform  both  sensing  and  actuating 
functions.  Passively  smart  materials 
respond  to  external  change  in  a  useful 
manner  without  assistance,  whereas 
actively  smart  materials  have  a  feed¬ 
back  loop  which  allows  them  to  both 
recognize  the  change  and  initiate  an 
appropriate  response  through  an  ac¬ 
tuator  circuit.  Many  smart  materials 
are  analogous  to  biological  systems: 
piezoelectric  hydrophones  are  similar 
in  mechanism  to  the  ‘ears*  by  which 
a  fish  senses  vibrations.  Piezoelec¬ 
trics  with  electromechanical  coupling, 
shape-memory  materials  that  can  ‘re¬ 
member*  their  original  shape,  electro- 
rheological  fluids  with  adjustable 
viscosities,  and  chemical  sensors 
which  act  as  synthetic  equivalents  to 
the  human  nose  are  examples  of 
smart  electroceramics.  ‘Very  smart* 
materials,  in  addition  to  sensing  and 
actuating,  have  the  ability  to  ‘learn* 
by  altering  their  property  coefficients 
in  response  to  the  environment.  Inte¬ 
gration  of  these  different  technologies 
into  compact,  multifunction  packages 
is  the  ultimate  goal  of  research  in  the 
area  of  smart  materials.  (Key  words: 
electroceramics,  sensors,  actuators, 
memory,  transducers.) 
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I.  Introduction 

It  has  been  said  that  life  itself  is  motion, 
from  the  single  cell  to  the  most  com¬ 
plex  organism:  a  human  being.  This 
motion,  in  the  form  of  mobility,  change, 
and  adaptation,  is  what  elevates  living 
beings  above  the  lifeless  forms.'  This 
concept  of  creating  a  higher  form  of 
materials  and  structures  by  providing 
the  necessary  life  fuictions  of  sensing, 
actuating,  control,  and  intelligence  to 
those  materials  is  the  motivation  for 
studying  ‘smart*  materials. 

Smart  materials  are  part  of  smart 
systems— functional  materials  for  a  va¬ 
riety  of  engineering  applications.  Smart 
medical  systems  treat  diabetes  with 
blood  sugar  sensors  and  insulin  deliv¬ 
ery  pumps.  Smart  airplane  wings 
achieve  greater  fuel  efficiency  by  al¬ 
tering  their  shape  in  response  to  air 
pressure  and  flying  speed.  Smart  toi¬ 
lets  analyze  urine  as  an  early  warning 
system  for  health  problems.  Smart 
structures  in  outer  space  incorporate 
vibration  cancellation  systems  that 
compensate  for  the  absence  of  gravity 
and  prevent  metal  fatigue.  Smart  toys, 
such  as  ‘Altered  Beast,*  awaken  from 
the  dead  and  learn  to  survive  in  the 
hostile  environment  of  a  different  age. 
Smart  houses  have  electrochromic 
windows  that  control  the  flow  of  heat 
and  light  in  response  to  weather 
changes  and  human  activity  Smart 
tennis  rackets  have  rapid  internal  ad- 
lustments  lor  ov^-vhead  smashes  and 
delicate  drop  shots  Smart  muscle  im¬ 
plants  are  made  from  rubbery  gels  that 
respond  to  electric  fields,  and  smart 
dental  braces  are  made  from  shape- 
memory  alloys  Smart  hulls  and  pro^- 
sion  systems  tor  navy  ships  and 
submarines  detect  flow  noise,  rerrKive 
turbulence,  and  prevent  detection. 
Smart  water  purification  systems 
sense  and  remove  noxious  pollutants. 
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Table  I.  Some  Attributes  of 
_ Paealve  Smartness 

Selectivity 

Self-diagnosis 

SelMuning 

Sensitivity 

Shapeability 

Self-recovery 

Simplicity 

Self-repair 

Stability  and  multistability 
Standby  phenomena 
Survivability 
Switchability 


A  number  of  smart  systems  have  al¬ 
ready  been  developed  for  automobiles, 
but  there  are  many  more  to  come.  In  a 
recent  newspaper  cartoon,  Blondie  and 
Dagwood  encountered  a  smart  auto¬ 
mobile  that  drives  itself  back  to  the 
finance  company  when  the  owner 
misses  a  payment! 

In  this  feature  paper  the  idea  of 
“smartness”  in  a  material  is  discussed, 
with  a  number  of  examples  involving 
electroceramic  components.  Some  of 
these  smart  ceramics  are  in  production, 
whereas  others  have  great  potential 
but  are  thus  far  limited  to  laboratory 
investigations. 

To  begin  our  discussion,  we  first  de¬ 
fine  “smart”  to  set  the  limits  lor  classi¬ 
fying  smart  materials 

II.  How  Smart  Is  Smart? 

The  short  answer  is  ”not  very.”  Web¬ 
ster's  dictionary  gives  several  defini¬ 
tions  for  the  word  ‘smart, *  including 
“alert,  clever,  capable,’  ‘stylish,"  and 
“to  feel  mental  distress  or  irritation.' 
All  three  definitions  are  appropriate  for 
the  currently  fashionable  subject,  "smart 
materials.”  They  are  stylish,  they  are— 
in  some  cases— clever,  and  it  does 
cause  some  of  us  mental  distress  to 
think  that  a  ceramic  might  somehow 
possess  intelligence,  even  in  aidimen- 
tary  form. 

There  are  many  words  in  the  English 
language  denoting  various  degrees  of 
intelligence.  Beginning  al  the  bottom, 
an  intelligence  scale  might  look  like 
this:  stupid— dumb— foolish— trivial- 
sensible  — smart =clever—  intelligent- 
wise.  Many  modern-day  materials  have 
been  cleverly  designed  to  perform  use¬ 
ful  functions,  arKf,  it  seems  to  us  any¬ 
way,  we  are  justified  in  calling  them 
smart.  They  are  decidedly  better  than 
"sensible”  materials,  but  calling  them 
"intelligent”  seems  rather  presumptu¬ 
ous  and  self-serving.  Perhaps  in  the 
future— when  we  are  able  to  integrate 
information,  processing,  and  feedback 
circuitry  into  our  sensor  and  actuator 
materials— we  will  be  justified  in  calling 
our  materials  intelligent.  As  pointed  out 
later,  such  a  tirrre  is  not  far  off. 

To  clarify  the  concept  of  smart  ma¬ 
terials.  we  describe  a  lew  examples  of 
passive  and  active  smartness. 

III.  Passive  Smartness 

A  passively  smart  material  has  the 
ability  to  respond  to  environmental 
conditions  in  a  usefU  manner.  A  pas¬ 
sively  smart  material  differs  from  an 
actively  smart  material  in  that  the  for¬ 
mer  has  no  external  fields  or  forces 
or  feedback  systems  to  enhance  its 
behavior.  The  ‘S’  words  in  Table  I  sum¬ 
marize  some  d  the  meanings  of  pas¬ 
sive  smartness.  Many  passively  smart 
materials  incorporate  sell-repair  mech¬ 
anisms  or  sta^by  phenomena  which 
enable  the  material  to  withstand  sud¬ 


den  changes  in  its  surroundings.  The 
crack-arresting  mechanisms  in  par¬ 
tially  stabilized  zirconia  are  a  good  ex¬ 
ample.  Here  the  tetragonal-monoclinic 
phase  change  accompanied  by  ferro- 
elastic  twin  wall  motion  are  the  standby 
phenomena  capable  of  generating 
compressive  stresses  at  the  crack  tip. 
In  a  similar  way,  toughness  can  be  im¬ 
proved  by  fiber  pullout  or  by  multiple 
crack  branching  as  in  the  structural 
composites  used  in  aircraft,  or  in 
machinable  glass-ceramics. 

Ceramic  varistors  and  positive  tem¬ 
perature  coefficient  (PTC)  thermistors 
are  also  passively  smart  materials. 
When  struck  by  high-voltage  lighlnir^, 
a  zinc  oxide  varistor  loses  nwst  of  its 
electrical  resistance  and  the  current  is 
bypassed  to  ground.  The  resistance 
change  is  reversible  and  acts  as  a 
standby  protection  phenomenon.  A 
varistor  also  has  a  self-repair  mecha¬ 
nism  in  which  its  highly  nonlinear 
current-voltage  (/-V)  relationship  can 
be  restored  by  repeated  application  of 
voltage  pulses.  Barium  titanate  PTC 
thermistors  show  a  very  large  increase 
in  electrical  resistance  at  the  ferroelec¬ 
tric  phase  translormafion  near  130°C. 
The  jump  in  resistance  enables  the 
thermistor  to  arrest  current  surges, 
again  acting  as  a  protection  element. 
The  voltage-dependent  resistance 
(/7(V))  behavior  of  the  varistor  and 
the  temperature-dependent  resistance 
{JR(T))  behavior  of  the  PTC  thermistor 
are  both  highly  nonlinear  effects  which 
act  as  standby  protection  phenomena, 
and  make  the  ceramics  smart  in  a 
passive  mode. 

Healing  mechanisms  for  electric 
breakdown  are  present  in  both  electro¬ 
lytic  and  polymer  capacitors,  enabling 
them  to  store  as  much  charge  as  high- 
permittivity  ceramic  capacitors.  In 
electrolytic  capacitors,  the  thin  insulat¬ 
ing  layer  of  alumina  is  restored  through 
chemical  reaction  with  the  liquid  elec¬ 
trolyte  Polymer  capacitors  restore  high 
resistance  by  evaporating  the  elec¬ 
trode  near  the  breakdown  path. 

Smart  composites  have  been  used 
to  solve  thermal  problems  as  welt. 
Some  rather  sophisticated  composites 
made  from  tungsten,  silver,  carbon,  ce¬ 
ramic,  and  steel  are  used  as  rocket 
nozzles  where  the  temperatures  are 
very  high  and  dimensional  tolerances 
are  critical.  Inside  the  nozzle  is  an  in¬ 
ferno  of  hot  corrosive  gas  capable  of 
destroying  most  materials  in  a  fraction 
of  a  second,  creating  severe  propul¬ 
sion  problems. 

The  nozzle  insert  is  made  of  porous 
tungsten  infiltrated  with  silver  which  is 
very  ductile  and  transmits  heat  better 
than  tungsten.  This  protects  the  tung¬ 
sten  from  thermal  stress  at  tempera¬ 
tures  below  60(rC  where  it  is  brittle. 
When  impregnated  with  silver,  tungsten 
can  be  machined  and  is  noticeably 
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Flg.1.  Piezoelectric  Pachinko  machine.  Smart  material  is  a  PZT  sensor-actuator 
stack  with  a  feedback  network. 


lighter.  Silver  melts  and  then  vaporizes 
as  the  nozzle  heats  up.  The  heat  of  va¬ 
porization  prevents  the  tungsten  from 
heating  too  rapidly,  and  then  the  silver 
vapor  enters  the  gas  stream  where  it 
reduces  the  convective  heat-transfer 
coefficient. 

As  the  temperature  of  the  porous 
tungsten  rises,  heat  is  transported  to 
the  graphite  layer  which  gets  stronger 
as  it  is  heated.  Graphite  does  not  re¬ 
sist  erosion  very  well  but  its  high 
thermal  conductivity  and  specific  heat 
make  it  an  excellent  heat  sink.  Behind 
the  graphite  is  a  layer  of  refractory  ce¬ 
ramic  vvhich  acts  as  a  thermal  insulator 
to  protect  the  outer  steel  shell  which 
provides  structural  strength.  Eventually, 
the  ceramic  layer  overheats,  begins  to 
conduct  heat,  and  the  shell  softens 
and  melts  away.  The  multiphase  rocket 
nozzle  is  a  smart  composite  that  per¬ 
forms  a  number  of  thermomechanical 
functions  in  a  highly  imaginative  fash¬ 
ion,  and  enables  tungsten  to  survive 
above  its  melting  point  for  a  short  pe¬ 
riod  of  time. 

A  simpler  idea  in  heat  dissipation  is 
that  of  the  thermal  delay  composite 
PTC  thermistor.  Composite  thermis¬ 
tors.  unlike  barium  titanate  thermistors, 
undergo  no  ferroelectric  phase  transi¬ 
tion.  They  consist  of  an  inert  conductive 
filter,  such  as  carbon  black  or  vanadium 
oxide,  loaded  into  a  semicrystalline 
polymer  (eg..  poly(ethylene))  to  form  a 
low-resistivity  composite.  When  the 
melting  point  of  the  polymer  is  reached, 
the  percolation  pathways  are  disrupted 
and  the  composite  exhibits  a  huge  in¬ 
crease  in  electrical  resistance.  How¬ 
ever,  further  heating  beyond  the  melting 
point  causes  severe  degradation  of  the 
composite  PTC  thermistor. 

Incorporating  a  third  phase  into  the 
composite,  one  with  heat-storage  capa¬ 
bilities,  provides  a  protection  mecha¬ 
nism  for  the  device.  Certain  organic 
materials  display  solid-solid  endother¬ 
mic  phase  transformation  at  low  tem¬ 
peratures  and  can  be  easily  dispersed 
in  the  PTC  thermistors.  Degradation 
caused  by  overheating  can  be  avoided 
by  using  a  second  filler  whose  solid- 
solid  transition  is  slightly  greater  than 
the  melting  temperature  hi  the  polymer. 
Pentaerythritol,  with  a  phase  transition 
at  -185"C,  is  an  effective  second  filler 
for  carbon  black-poly(ethylene)  (T„= 
13(rc)  thermistors.  The  thermal  delay 
in  pentaerythritol-doped  thermistors 
has  been  documented  for  both  exter¬ 
nally  heated  and  internally  (joule) 
heated  thermistors.^ 

IV.  Active  Smartnese 

A  smart  ceramic  can  also  be  defined 
with  refererKe  to  sensing  and  actuat¬ 
ing  functions,  in  analogy  to  the  human 
body.  A  smart  ceramic  senses  a 
change  in  the  environment,  and  using 
a  feedback  system,  makes  a  useful  re¬ 


sponse.  It  is  both  a  sensor  and  an 
actuator.  Examples  of  actively  smart 
materials  include  vibration-damping 
systems  for  outer-space  platforms  and 
electrically  controlt^  automobile  sus¬ 
pension  systems  using  piezoelectric 
ceramic  sensors  and  actuators. 

The  piezoelectric  Pachinko  machine 
illustrates  the  principle  of  an  actively 
smart  material.  PaK:hinko  parlors  with 
hundreds  of  vertical  pinball  machines 
are  very  popular  in  Japan.  The  piezo¬ 
electric  Pachinko  game  constructed 
by  engineers  at  Nippon  Denso  (Kariya, 
Japan)  is  made  from  lead  zirconate 
titanate  (PZT)  multilayer  stacks  which 
act  as  both  sensors  and  actuators. 
When  a  ball  falls  on  the  stack,  the 
force  of  impact  generates  a  piezoelec¬ 
tric  voltage.  Acting  throu^  a  feedback 
system,  the  voltage  pulse  triggers  a  re¬ 
sponse  from  the  «:tuator  stack.  The 
stack  expands  rapidly  throwing  the  ball 
out  of  the  hole,  and  the  ball  moves  up 
a  spiral  ramp  during  a  sequence  of 
such  events.  Eventually,  it  falls  into  a 
hole  and  begins  the  spiral  climb  all 
over  again  (see  Fig.  1). 

The  video  tape  head  positioner  de¬ 
veloped  by  Piezoelectric  Products,  Inc. 
(Metuchen,  NJ).  operates  on  a  similar 
principle.  A  bilaminate  bender  made 
from  tape-cast  PZT  ceramic  has  a 
segmented  electrode  pattern  dividing 
the  sensing  and  actuating  functions 
the  positioner.  The  voltage  across  the 
sensing  electrode  is  processed  through 
the  feedback  system  resulting  in  a 
voltage  across  the  positioning  elec¬ 
trodes.  This  causes  the  cantilevered  bi- 
morph  to  bend,  following  the  video 
tape  track  path.  Articulated  sensing 
and  positioning  electrodes  near  the 
tape  head  help  keep  the  head  perpen¬ 
dicular  to  the  track.  The  automatic 
scan  tracking  system  operates  at 
450  Hz  (Fig.  2). 

These  two  examples  illustrate  how 
an  actively  smart  ceramic  operates. 
Both  sensing  and  actuating  functions 
are  involved  in  its  performance,  and  al- 


Flg.  2.  Video  tape  head  positioner  made 
from  PZT  bimorph  with  sensor-  and  acuator- 
divided  electrodes. 
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though  the  Japanese  scientists  have 
a  somewhat  different  perspective  on 
smart  or  intelligent  materials  (see 
Panel  I),  the  end  results  of  efforts  in 
this  area  are  very  similar. 
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Fig.  3.  Test  experiment  lor  evaluating 
smart  materials  with  controlled  compliance. 


V.  Rubberlike  Ceramics 

Every  baseball  player  knows  the  im¬ 
portance  of  “soft  hands."  In  catching  a 
baseball,  it  is  important  to  withdraw 
the  hands  slightly  on  making  contact 
with  the  ball  This  reduces  the  momen¬ 
tum  of  the  ball  gradually  and  creates  a 
soft  landing.  Soft  landings  are  achieved 
on  ceramics  in  the  same  way,  making 
them  feel  as  soft  as  rubber. 

To  test  the  concept,  controlled 
compliance  experiments  have  been 
conducted  using  PZT  sensors  and 
actuators.^  In  the  test  setup  (Fig.  3), 
one  actuator  is  used  as  the  external 
driver,  and  the  other  as  the  responder 
Sandwiched  between  the  two  actuator 
stacks  are  two  sensors  and  a  layer  of 
rubber.  The  upper  actuator  is  driven  at 
a  frequency  of  100  Hz  and  the  vibra¬ 
tions  are  monitored  with  the  upper 
sensor.  The  pressure  wave  emanating 
from  the  driver  passes  through  the 
upper  sensor  and  the  rubber  separator 
and  impinges  on  the  lower  sensor.  The 
resulting  signal  is  amplified  using  a  low- 
noise  amplifier  and  fed  back  through  a 
phase  shifter  to  the  lower  actuator  to 
control  the  compliance.  In  this  exam¬ 
ple,  the  pressure  sensor,  rubber  gas¬ 
ket,  responder  stack,  and  feedback 
amplifier  together  form  what  could  be 
termed  a  smart  unit. 

A  smart  sensor-actuator  system  can 
mimic  a  very  stiff  solid  or  a  very  com¬ 


Ceramics  and  composites  which  (all  into  the  category  of  “smart"  ma¬ 
terials,  clockwise  from  top  rubtDer-encased  piezoelectric  cable;  tun¬ 
able  transducer  consisting  ol  PZT  disks  and  a  rubber-metal  laminate 
between  brass  plates;  PLZT  helix  with  shape-memory  capabilities; 
stress-transforming  piezoelectric  “moonie"  composite  (imbedded  in 
resin):  1-3  PZT  rod-epoxy  resin  hydrophone  composite;  and  con¬ 
ductive  composite  chemical  sensor  elements  (Photograph  by 
Joseph  Kearns.  Materials  Research  Laboratory.  Pennsylvania  State 
University.) 


pliant  rubber.  This  can  be  done  while 
retaining  great  strength  under  static 
loading,  making  the  smart  material  es¬ 
pecially  attractive  for  vibration  control 

If  the  phase  of  the  feedback  voltage 
is  adjusted  to  cause  the  responder  to 
contract  rather  than  expand  in  length, 
the  smart  material  mimics  a  very  soft, 
compliant  substance.  This  reduces  the 
force  on  the  sensors  and  partially 
eliminates  the  reflected  signal.  The  re¬ 
duction  in  output  signal  of  the  upper  sen¬ 
sor  is  a  measure  of  the  effectiveness  of 
the  feedback  system.  As  shown  in 
Fig.  4,  the  compliance  of  the  actuator¬ 
sensor  composite  is  reduced  by  a  fac¬ 
tor  of  6  compared  with  rubber.' 

VI.  Modulated  Suspension 
Systems 

The  automobile  industry  is  a  very 
large  market  in  which  smart  com¬ 
posites  and  sensors  are  already  widely 
used.  More  than  50  electroceramic 
componeiits  can  be  found  in  today's 
high-tech  autos,  ranging  from  the  air- 
fuel  oxygen  sensors  used  in  most 
autos  to  the  more  exotic  piezoelectric 
raindrop  sensor,  which  automatically 
senses  the  amount  of  rain  falling  and 
adjusts  the  windshield  wipers  to  the 
optimum  speed.^ 

Controlled  compliance  with  piezo¬ 
electric  ceramics  is  used  in  Toyota's 
piezoTEMS  (Toyota  Electronic  Modu¬ 
lated  Suspension),  a  system  \which  has 
been  developed  to  improve  the  driv- 
ability  and  stability  of  the  automobile, 
and  at  the  same  time  enhance  pas¬ 
senger  comfort  ®  The  TEMS  is  basi¬ 
cally  a  road  stability  sensor  and  shock 
adjustor,  which  detects  bumps,  dips, 
rough  pavement,  and  sudden  lurches 
by  the  vehicle,  then  rapidly  adjusts  the 
shock  absorbers  to  apply  a  softer  or 
firmer  damping  force,  depending  on 
what  is  necessary  to  minimize  discom¬ 
fort  while  maintaining  control  of  the 
vehicle.  The  shock  absorbers  are 
continuously  readjusted  as  the  road 
conditions  change  so  that  rocking  or 
wobbling  on  soft  shocks  is  eliminated 

A  cross-section  view  of  the  shock 
absorber  is  shown  in  Fig.  5.  The  toad 
surface  sensor  consists  of  a  five-layer 
piezoelectric  sensor  mounted  on  the 
piston  rod  of  the  shock  absorber. 
When  a  bump  in  the  road  is  encoun¬ 
tered,  the  resulting  stress  applied  to 
the  sensor  produces  a  voltage  which  is 
fed  into  an  electronic  control  unit  that 
amplifies  the  signal  and  supplies  a 
high  voltage  to  the  piezoelectric  actua¬ 
tor  The  88-layer  PZT  actuator  pro¬ 
duces  a  50-;im  displacement  on  the  oil 
system  which  is  hydraulically  enlarged 
to  2  mm,  enough  to  cfiange  the  damp¬ 
ing  force  from  firm  to  soft,  the  entire 
process  takes  only  about  20  ms  (not 
even  enough  time  to  slai^  on  the 
brakes).  Also  figured  into  the  actuator 
output  are  the  vehicle  speed  and  the 
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driver's  pre(ererrce  for  a  generally  softer 
(Ainerican)  or  firmer  (Euopeaii)  ride. 

Alternatively,  it  is  possible  to  damp 
stresses  and  vibrations  without  the 
need  for  a  sensor-actuator  feedback 
loop;  materials  which  can  perform  this 
function  are  called  passive  damping 
materials.  In  a  piezoelectric  passive 
damper,  a  piezoelectric  ceramic  is 
connected  in  parallel  with  a  property 
matched  resistor.  The  external  stress 
creates  a  polarization  in  the  piezoelec¬ 
tric,  which  induces  a  current  in  the  re¬ 
sistor.  leading  to  energy  dissipation.  A 
high  piezoelectric  coupling  coefficient 
is  required  to  induce  the  maximum 
voltage  and  energy  dissipation.' 

Vli.  Actuator  Materials 

There  are  many  approaches  to 
controlling  vibration  and  structural  de¬ 
formation.  Actuation  strain  can  be  con¬ 
trolled  by  piezoelectric  materials,® 
electrostrictive  materials,®  magneto- 
strictive  materials,'®  shape-memory 
metal  alloys,"  and  thermally  control¬ 
lable  materials.®  Using  a  system  with 
distributed  actuators,  it  is  possible  to 
design  structures  with  intrinsic  vibration 
and  shape-control  capabilities  Among 
the  most  important  actuator  materials 
are  shape-memory  metals  and  ce¬ 
ramics.  The  shape-memory  effect  is 
exhibited  by  alloys  which  undergo 
thermoelastic  martensite  transforma¬ 
tions.  This  is  a  first-order  displacive 
transformation  in  which  a  body- 
centered  cubic  metal  transforms 
by  shear  on  cooling  to  a  marten¬ 
sitic  phase.  When  deformed  in  the 
martensitic  low-temperature  phase, 
shape-memory  alloys  recover  this  de¬ 
formation  and  return  to  the  original 
shape  when  heated  to  a  temperature 
where  the  martensite  reverts  back 
to  the  parent  body-centered  cubic 
structure.  Unlike  most  ferroelectric  and 
ferromagnetic  transitions,  the  shape- 
memory  transformation  has  a  large 
hysteresis  which  can  be  troublesome 
in  practice. 

Alloys  exhibiting  the  shape-memory 
effect  fall  into  two  general  classes: 
non-ferrous  and  ferrous  Non-ferrous 
shape-memory  alloys  currently  in  com¬ 
mercial  use  are  Ni-Ti,  Cu-Zn-AI,  and 
Cu-Ni-AI  Ferrous  shape-memory  al¬ 
loys  under  development  include  Fe-Pt, 
Fe-Ni-C,  and  Fe-Ni-Co-Ti. 

Non-ferrous  shape-memory  alloys  of 
Ni-Ti  alloy  (Nitinol)  have  b^n  devel¬ 
oped  by  Goodyear  Aerospace  Cor¬ 
poration  (Akron,  OH)  for  spacecraft 
antennae."  A  wire  hemisphere  of  the 
material  is  cmmpled  into  a  tight  ball, 
less  than  5  cm  across.  When  heated 
above  77”C.  the  ball  opens  up  into  its 
original  shape— a  fully  formed  antenna. 
Although  it  has  been  seldom  used  in 
service,  this  antenna  demonstrates  the 
magnitude  of  deformation  and  reforma¬ 
tion  possible  in  shape-memory  alloys. 


Although  shape-memory  alloys  are 
inuie  of  u  sululiuii  luokiiiy  fur  a  prub- 
lem,  it  has  been  suggested  that  tran¬ 
sient  and  steady-state  vibration  control 
can  be  accomplished  with  hybrid  struc¬ 
tures  in  which  the  shape-memory  alloy 
is  embedded  inside  the  material.*® 

Some  ceramic  materials  also  pos¬ 
sess  a  sizeable  shape-memory  effect: 
of  particular  interest  are  materials 
which  are  simultaneously  ferroelectric 
and  ferroelastic.  Their  ferroelasticity 
ensures  that  recoverable  spontaneous 
strain  is  available  for  contributing  to 
the  shape-memory  effect,  and  the 
ferroelectricity  implies  that  their  spon¬ 
taneous  strain  can  be  manipulated  not 
only  by  mechanical  forces  but  also  by 
electric  fields. 

Shape  memory  has  been  demon¬ 
strated  in  lead  lanthanum  zirconate  ti- 
tanate  (PLZT)  ceramics.  PLZT  is  an 
important  ferroelecfric-ferroelastic  be¬ 
cause  of  the  tremendous  potential  for 
applications  due  to  the  formation  of 
microdomains  smaller  than  the  wave¬ 
length  of  light.  In  one  experiment,  a 
6.5/65/35  PLZT  helix  was  heated 
to  ZOCC.  well  above  the  transition 
temperature  for  recovery  [Tf(  =  Te)), 
mechanically  loaded,  then  cooled  to 
aa-C  (well  below  Tf)-\i)e  “brittle-  PLZT 
helix  was  deformed  by  30%  after  the 
load  was  removed.  Upon  heating  to 
180°C  (above  Tf),  the  helix  transformed 
back  to  its  original  shape,  dramatically 
demonstrating  the  shape-memory 
effect  in  brittle  ceramics.'® 

Researchers  at  Sophia  University  in 
Tokyo  have  created  a  multilayer  shape- 
memory  actuator  with  a  (Pb,Nb)- 
(Zr.Sn,Ti)03  ceramic.  Twenty  rectangu¬ 
lar  plates  of  the  ceramic  are  stacked  in 
a  multilayer  ceramic  capacitor-type 
(MLCC)  structure;  the  magnitude  of  the 
strains  (3  to  4  /nm)  that  are  induced 
are  small  by  comparison  to  most 
shape-memory  alloys  but  are  3  limes 
larger  than  the  strains  produced  using 
conventional  piezoelectric  actuators  In 
this  case,  a  ferroelectric  to  antifer- 
roelectric  phase  change  is  responsible 
for  the  shape  change.® 

VIII.  Electrorheologlcal  Fluids 

One  of  the  criteria  which  separates 
smart  materials  from  very  smart  or 
intelligent  materials  is  the  ability  of 
the  material  to  not  only  sense  a 
change  and  actuate  a  response,  but 
to  automatically  modify  one  or  more  of 
its  property  coefficients  during  the 
sensing-actuating  process.  In  effect, 
this  type  of  material  not  only  warns  the 
user  of  a  change  in  its  environmental 
conditions  and  responds  to  it,  but  can, 
in  addition,  adjust  itself  to  comper^sate 
for  future  change. 

Electrorheological  (ER)  fluids'*  and 
their  magnetic  analog,  ferrofluids,’'  are 
an  example  of  materials  that  have 
great  potential  for  use  in  smart  ma- 


Frequency  (Hz) 

Fig.  4.  Reduced  subsonic  reflectance 
from  smart  piezoceramic. 


Fig.  5.  Cross  section  of  the  principal  por¬ 
tion  of  the  shock  absorber  * 
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terials  and  systems.  fluids  are  typi¬ 
cally  suspensions  of  fine  particles  in  a 
liquid  medium;  the  viscosity  of  the  sus¬ 
pension  can  be  changed  dramatically 
by  applying  an  electrical  field.  The 
electric  field  causes  alignment  of  the 
particles  in  fibrillike  branches  in  the  di¬ 
rection  of  the  applied  field.  The  align¬ 
ment  disappears  when  the  electric  field 
is  removed,  thus  creating  the  desired 
property  of  complete  cyclic  reproduci¬ 


bility.  Figure  6  shows  the  microstructura 
of  an  ER  fluid  before  and  after  the  ap¬ 
plication  of  an  electric  field. 

ER  fluids  represent  an  advanc 
class  of  composite  materials  wit 
self-tuning  properties  that  will  find 
considerable  use  in  vibration  control, 
applications.  In  addition,  the  compati 
bility  of  this  technology  with  moderr 
solid-state  electronics  makes  it  an  at¬ 
tractive  component  for  integration  into 


Ftg.  6.  Optical  micrograph  of  a  dispersion  of  line  particles  in  ER  IL  j  (ryj  with  no  field  apprlied  and  (B)  with  an  applied  direct  current  bias. 
(Photograph  courtesy  of  Or  C.  A  Randall,  Materials  Research  LaL  oratory,  Penncylvania  Stale  University) 


Panel  I.  The  Concept  of  Intelligent  Materials—  A  Japanese  Perspective 


The  development  of  ‘intelligent 
materials’  according  to  the  Japa¬ 
nese  is  a  result  of  understanding 
the  relationship  between  intelligence 
from  the  human  standpoint,  intelli¬ 
gence  inherent  in  materials,  and  in¬ 
telligence  at  the  most  primitive 
levels  in  materials,  as  illustrated 
above.^  Intelligence  from  the  human 
standpoint  is  a  relative  concept, 
based  on  the  value  of  a  material 
and  its  utility  in  relation  to  all  as¬ 
pects  of  society— environmental 
impact,  economy,  resource  conser¬ 
vation,  reliability,  etc.  Intelligence  in¬ 
herent  in  materials  includes  those 
material  properties  which  may  or 
may  not  have  yet  been  discovered 
by  humans,  re^rdless  of  their  im¬ 
pact  on  society;  these  properties 
are  independent  of  their  evaluation 
and  utilization  by  man.  The  primitive 
functions  of  intelligence  are  elemen¬ 
tary  functions  of  sensing,  process¬ 
ing.  and  effecting  (actuating),  all  of 
which  must  work  systematically  to¬ 
gether  to  create  an  intelligent  mate¬ 
rial.  Interestingly  enough,  for  every 
bit  of  intelligence  inherent  in  inor¬ 
ganic  materials,  there  is  a  biological 
analog. 
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Schematic  representation  of  intelligent  materials.  Ability  of  humans  to  produce  intelligent  ma¬ 
terials  is  simply  a  matter  ol  recognizing  the  intelligence  that  already  exists  in  materials.  It  is 
through  the  recognition  ol  the  intelligence  inherent  in  materials  that  we  will  be  able  to  develop 
a  fundamental  understanding  of  the  primitive  functions  of  intelligence,  and  it  is  at  this  level 
that  the  origins  ol  all  the  puzzling  problems  confronting  man  can  be  solved. 
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Panel  II.  The  Replamlneform  Procaaa— Replicating  Nature 


Despite  the  sophistication  of 
modern  technology,  it  often  seems 
that  mankind  lags  behind  Mother 
Nature  in  producing  high-precision, 
carefully  structured  materials.  Coral 
skeletons  are  characterized  by  (i)  a 
narrow  pore-size  distribution,  (ii)  a 
pore  volume  approximately  equal  to 
the  solid-phase  volume,  and 
(iii)  complete  pore  interconnectivity 
making  every  pore  accessible  from 
all  other  pores.  The  diameter  of  the 
pores/channels  varies  from  species 
to  species,  and  some  types  of  coral 


exhibit  anisotropy  as  well,  ranging 
from  a  3-1  type  connectivity  with 
nearly  parallel  tubes  to  highly  iso¬ 
tropic  3-3  structures.  These  fea¬ 
tures  in  coral  make  it  an  attractive 
template  for  making  composite  bio¬ 
materials  and  transducers. 

A  method  called  the  replamine- 
form  process*  has  been  developed 
for  reproducing  the  microstructure 
of  coral  in  metals,  ceramics,  and 
polymers.  In  the  replamlneform  proc¬ 
ess,  a  piece  of  coral  is  vacuum- 
impregnated  with  wax  which  is 


allowed  to  harden;  the  calcium  car¬ 
bonate  coral  skeleton  is  leached 
away  with  hydrochloric  acid,  leaving 
a  solid  wax  negative  of  the  structure. 
To  make  tranducers,  this  ne^tive  is 
then  reinvested  writh  a  lead  zirconate 
titanate  (PZT)  slip  by  vacuum  im¬ 
pregnation.  When  the  wax  negative 
is  burned  off  at  3CX)°C,  a  coral-type 
PZT  structure  is  left.  This  can  be 
sintered  with  only  minimal  (-13%) 
linear  shrinkage,  producing  a  robust 
PZT  skeleton. 

Further  processing  of  the  skele¬ 
ton  for  transducer  applications  con¬ 
sists  of  backfilling  the  PZT  with  a 
highly  flexible  elastomer  material, 
such  as  silicone  rubber.  After  poling 
the  PZT,  the  composite  can  be 
crushed  to  yield  a  highly  flexible 
transducer  with  low  permittivity,  or 
maintained  as  a  rigid  solid  to  be 
used  as  a  low-density,  high-coupling 
resonator.*' 

Another  similar  but  simpler 
method  of  producing  porous  PZT 
involves  mixing  plastic  spheres  with 
PZT  powder*  then  carefully  sinter¬ 
ing  the  mixture;  this  is  commonly 
referred  to  as  the  BURPS  (burned- 
out  plastic  spheres)  process.  The 
sintered  PZT  skeletons  can  be 
backfilled  with  elastomer  to  pro¬ 
duce  the  same  types  ot  composites 
as  with  the  replamineform  process, 
only  with  controllable  variations  on 
the  50/50  PZT/polymer  ratio. 


SEM  micrograph  of  wax-impregnated  coral.  Both  the  pillars  of  coral 
(light  sections)  and  pore  channels  (dark  areas)  are  connected  in 
three  dimensions. 


multifunction,  self-contained  smart  ma¬ 
terial  packages. 

iX.  Blomtmetics— Fish  Ears 

The  word  "biomimetic"  is  not  found 
in  most  dictionaries;  therefore,  it  needs 
to  be  defined.  It  comes  from  the  Greek 
words  “bios."  meaning  “life,"  and 
"mimetikos."  meaning  "to  imitate." 
Biomimetic  means  to  imitate  life,  or  to 
use  the  biological  world  as  a  source  of 
ideas  for  device  concepts. 

Fish  and  the  other  inhabitants  of  the 
underwater  world  have  some  interest¬ 
ing  ways  of  talking  and  listening  which 
have  been  copied  using  piezoelectric 
ceramics.  Our  first  composite  trans¬ 
ducer  is  copied  from  coral  using  a 
lost-wax  process  (see  Panel  II). 

For  most  fish,  the  principal  sensors 
are  the  lateral  line  and  the  inner  ear 
coupled  to  the  swim  bladder.  The  pul¬ 
sating  swim  bladder  also  acts  as  a 
voice,  as  do  chattering  teeth  in  certain 
fish  species. 

The  lateral  line  runs  from  the  head 
to  the  tail  of  the  fish  and  resembles  a 
lowed  array  with  sensing  organs 
(stitches)  spaced  at  intervals  along  the 
nerve  fiber.  Each  stitch  contains  sev¬ 


eral  neuromasts  made  up  of  gelatinous 
cupulae  resembling  pimples  in  shape 
(Fig.  7).  Within  each  cupula  are  a  num¬ 
ber  of  fibers  that  vibrate  as  the  fish 
swims  through  the  water  and  that  act 
as  sensors  for  flow  noise.  The  hairlike 
fibers  are  extremely  thin  in  diameter, 
ranging  from  05  to  10  ^m.  When 
stimulated  by  turbulence,  the  motion  of 
the  hairs  produces  changes  in  the 
synapses  \Miich  are  in  turn  connected 
to  the  nerve  fiber.  The  electric  signal 
originates  from  impedance  changes  in 
cell  walls  which  modulate  the  flow  of 
K*  ions.  The  lateral  line  is  especially 
sensitive  to  low-frequency  fluid  motion 
parallel  to  the  length  of  the  fish.  In  the 
50-Hz  range,  threshold  signals  are  ob¬ 
served  for  displacements  as  small  as 
30  nm!"'® 

The  1-3  composite  hydrophones  de¬ 
scribed  later  are  patterned  after  the 
hair-filled  cupulae  of  the  lateral  line. 
Thin  PZT  fibers  embedded  in  polymer 
provide  excellent  electromechanical 
coupling  to  a  liquid  medium  and  can  be 
used  as  both  sensors  and  actuators. 

X.  Dr.  Dolittte  and  Fish  Talk 

Among  the  most  popular  children’s 


47U 


Journal  of  the  American  Ceramic  Society— NewrUum  and  Ruschau 


Vol.  74.  No.  3 


I  ajpfni 


1 


Fig.  7.  ‘Hearing*  organs  in  fish.  Lateral  line 
is  a  series  of  ‘stitches.’  each  composed  ot 
nerve  fibers  enclosed  in  gelat  nous  cupulae." 


books  of  all  time  are  the  Doctor 
Dolittle  books  written  by  Hugh  Lofting. 
Doctor  Dolittle  could  talk  to  the  ani¬ 
mals.  He  started  with  ‘Pig*  and  went 
on  to  *Duck“  and  "Cow,*  and  eventually 
mastered  498  languages.  There  is  a 
marvelous  scene  in  the  movie  where 
young  Tommy  Stebbins  meets  Dr. 
Dolittle  in  his  laboratory; 

But  the  most  remarkable  thing  in 
the  room  was  the  Doctor  himself.  In 
some  ways,  John  Dolittle  looked 
very  much  like  an  ordinary  doctor. 
He  wore  a  white  medical  coat  and 
was  using  a  stethoscope.  But,  the 
stethoscope  was  attached  only  to 
his  right  ear,  and  his  patient  seemed 
to  be  a  goldfish  in  a  bowl! 

Tommy  watched  in  amazement  as 
the  Doctor  blew  bubbles  into  the  fish 
bowl  throu^  a  rubber  tube.  Between 
bursts  of^ubbles  he  pressed  the 
stethoscope  against  the  bowl  and 
listened  intently.  Then  he  actually 
dipped  his  left  ear  in  the  water! 

“BIlIrrp!*  said  Dr.  Dolittle,  forgetting 
about  the  tube.  “Tommy!  How  good 
to  see  you!  I'm  so  busy  learning 
Goldfish  that  I  didn't  hear  you  come 
in.  Most  exciting  this  goldfish  lan¬ 
guage.  But  very  difficult— and  quite 
damp." 

In  recent  years,  great  advances  have 
been  made  in  recording  and  under¬ 
standing  fish  talk,  largely  because  of 
the  development  of  improved  hydro¬ 
phone  arrays  and  high-speed  spec¬ 
trum  analyses.  Sound  functions  in  a 
variety  of  ways  for  fish,  both  in  offense 
and  in  defense,  for  warning  and  intimi¬ 
dation.  Many  fish  speak  differently  dur¬ 
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Fig.  8.  Sound  spectrum  of  the  Atlantic  cod.  The  cod  speaks  in  a 
series  of  loud,  low-frequency  grunts  peaking  at  500  Hz.  with  a  dura¬ 
tion  of  about  2  s,  and  repeated  three  or  four  times  to  intimidate 
intruders  and  stimulate  lerrrales.  Grunts,  growls,  and  Ihumps  origi¬ 
nate  from  a  welt-developed  swim  bladder  with  many  muscle-cov¬ 
ered  side  lobes.” 


ing  breeding  season,  and  appear  to 
use  coded  repetition  rates  to  commu¬ 
nicate.  CXjt  ability  to  "farm  the  oceans’ 
could  be  greatly  enhanced  by  learning 
how  to  talk  with  fish  and  control  their 
movements  and  feeding  habits.  An  ex¬ 
ample  of  fish  talk  is  shown  in  Fig.  8. 

Although  they  do  not  possess  a 
larynx,  many  species  of  fish  produce 
high-pitched  sound  by  grinding  their 
teeth,  but  the  vibration  of  the  swim 
bladder  wall  provides  the  greatest 
repertoire  of  noises  or  calls.  The  croak¬ 
ers  of  Chesapeake  Bay  make  tapping 
noises  like  a  woodpeclW,  by  contract¬ 
ing  their  drumming  rrxjscles  attached 
to  the  swim  bladder,  and  the  twilight 
choruses  of  sea  robins  caused  great 
confusion  among  the  operators  of  anti¬ 
submarine  echo-location  devices  dur¬ 
ing  World  War  II.** 

XI.  Inner  Ears  and  Swim  Bladders 

The  nature  of  sound  transmission  in 
water  has  had  a  great  influence  on  the 
evolution  of  hearing  in  fish.  Sound,  es¬ 
pecially  low-frequency  sound,  travels 
faster  and  farth^  in  water  than  in  air. 
"Near-field"  sound  consists  of  small 
fluid  motions  or  vibrations  and  are  char¬ 
acterized  by  a  displacement  direction. 
They  are  detected  by  the  inner  ear  or 
by  the  lateral  line.  The  hydrostatic 
component  or  “far-field"  sound  is  de¬ 
tected  best  through  the  swim  bladder. 

The  inner  ear  is  made  up  of  inertia¬ 
sensing  chambers  resembling  ac¬ 
celerometers.  Within  each  chamber  is 
a  dense  ear  stone  (otolith)  which 
vibrates  in  a  near-field  sound  wave 
(Fig.  9(A)).  The  inertia  of  the  ear  sforre 
causes  it  to  lag  behind  the  motion  of 
the  fish,  and  to  push  against  hair  cells 
which  line  the  chamber  (sacculus).  On 
bending,  the  hair  cellular  membranes 
deform,  stimulating  neural  transmis¬ 
sions  to  the  brain.  Connections  to  the 
swim  bladder  improve  the  sensitivity  to 
far-field  sound  (Fig.  9(B)). 

The  primary  function  of  the  gas-filled 
swim  bladder  is  to  provide  buoyancy, 
but  it  is  also  used  for  sound  and  pres¬ 
sure  reception  and  in  some  species  is 
equipped  with  drumming  muscles  for 
sound  production  (see  Fig.  8). 

The  flexible  swim  bladder  responds 
to  hydrostatic  pressure  waves  by 
changing  volume.  Fish  with  swim  blad¬ 
ders  can  perceive  relative  pressure 
changes  equivalent  to  less  than  0.5% 
of  the  ambient  hydrostatic  pressure. 

Direct  or  indirect  linkages  from  the 
swim  bladder  to  the  inner  ear  promote 
the  hearing  sensation.  Fish  with  no 
connections  perceive  low-frequency 
sound  (less  than  500  Hz),  whereas 
those  with  good  connections  have  an 
upper  frequerrcy  response  of  5000  Hz. 
As  might  be  expected,  the  swim 
bladder  is  reduced  in  size  with  depth, 
and  loses  much  of  its  sensitivity  as 
a  sensor 
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XII.  Hydrophone  Materials 

The  knowledge  which  comes  from 
the  understanding  of  "fish  talk’  can 
be  directly  applied  to  research  in  ma¬ 
terials  destined  to  someday  ‘sleep  with 
the  fishes."  Hydrophones  are  under¬ 
water  listening  devices  made  from 
piezoelectric  materials  which  respond 
to  hydrostatic  pressure  waves.  Among 
the  applications  for  hydrophones  are 
sonar  systems  for  submarines,  off¬ 
shore  oil  platforms,  geophysical 
prospecting  equipment,  fish  finders, 
and  earthquake  monitors. 

As  the  earth's  population  continues 
to  increase,  the  human  race  must  con¬ 
tinue  to  search  for  new  and  efficient 
sources  of  food  and  nutrition.  The 
world's  oceans  may  provide  a  solution 
to  this  problem,  not  only  through  fish 
farming  but  through  the  use  of  new 
and  varied  saltwater  vegetation  that 
could  provide  an  abundant  source  of 
food,  especially  for  third-world  countries 
in  which  poor  soil  and  harsh  climates 
prohibit  conventional  farming.  Smart 
hydrophone  transceivers  could  receive 
and  transmit  fish  talk  and  monitor  the 
growth  of  undenwater  vegetation. 

The  figure  of  merit  for  hydrophone 
materials  is  the  product  of  the  hydro¬ 
static  piezoelectric  charge  coefficient 
{dh)  and  the  piezoelectric  voltage  coef¬ 
ficient  (g^).  Although  good  piezoelec¬ 
tric  materials  such  as  PZT  have  high 
d33  and  dai  piezoelectric  coupling  coef¬ 
ficients,  the  dn  value  is  only  about 
45  pC/N  because  dsa  and  dsi  are  op¬ 
posite  in  sign,  and  dn=d33+2dn.  dtQh 
is  also  inversely  related  to  the  dielec¬ 
tric  permittivity  (633),  so  that  low  dielec¬ 
tric  constants  are  desirable  as  well. 

Rather  than  abandon  PZT  in  search 
of  the  ultimate  hydrophone  material,  we 
can  avoid  the  problem  of  the  search 
by  clever  (=smart?)  engineering  of  ex¬ 
isting  materials.  Too  often  in  the  field 
of  materials  research  we  put  too  much 


emphasis  on  the  synthesis  of  new  ma¬ 
terials  and  too  little  emphasis  on  new 
and  unique  designs  for  old  materials. 

A  composite  design  with  1-3  conec- 
tivity  is  similar  in  ^sign  to  the  hair- 
filled  gelatinous  cupula  with  thin  PZT 
rods  embedded  in  a  polymer  matrix. 
(For  a  discussion  of  composites  in 
general,  see  Panel  III.)  The  1-3  piezo¬ 
composites  have  excellent  sensitivity 
to  pressure  waves  in  water. The 
large  dss  value  is  maintained  because 
the  parallel  connection  results  in  stress 
transfer  from  polymer  to  piezoceramic, 
whereas  the  dat  value  is  destroyed  be¬ 
cause  of  series  connection  in  the  lat¬ 
eral  dimension  where  the  mechanical 
load  is  absorbed  by  the  polymer  and 
not  transferred  to  the  PZT  ro^s.  Finally, 
C33  is  minimized  because  of  the  large 
volume  of  low-cas  polymer  present. 
Figure  10  shows  the  results  of  the  high 
dH3t<  possible,  particularly  when  very 
thin  rods  are  used. 

Another  piezoelectric  hydrophone 
composite  maximizes  d^  by  simply 
redirecting  the  applied  stresses  using 
specially  shaped  electrodes.*^  These 
are  flextensional  transducers  which 
mimic  the  motions  of  the  swim  bladder. 
Shallow  air  spaces  are  positioned  un¬ 
der  the  metal  electrodes  while  the  PZT 
ceramic  plays  the  rote  of  the  muscle 
lining  the  swim  bladder.  The  geom¬ 
etry  of  these  composites,  known  as 
"moonies"  because  of  the  crescent¬ 
shaped  cavities,  is  shown  in  Fig.  11. 
When  subjected  to  a  hydrostatic  stress 
due  to  waves,  the  thick  metallic  elec¬ 
trodes  convert  a  portion  of  the  z-direc- 
tion  stress  into  large  radial  and 
tangential  stresses  of  opposite  signs. 
The  result  is  that  d3i  changes  from 
negative  to  positive,  so  that  its  contri¬ 
bution  now  adds  to  dss  rather  than 
subtracting  from  it.  The  d^h  of  these 
composites  is  approximately  250  times 
that  of  pure  PZT. 


Fig.  9.  Structure  of  the  inner  ear  of  a 
fish,  characterized  by  separate  mechanisms 
for  (A)  near-field  and  (B)  far-fiekf  sensitivities. 


Fig.  10.  Figure  of  merit  for  1-3  PZT  ceramic -polymer  hydrophorre  Fig.  11.  Geometry  of  the  'moonie'  composite,  desigrred  to  redirect 

composites,  comparing  rods  of  different  thickness  with  solid  PZT.*^  applied  stresses.  Design  is  fashioned  after  the  fish  swim  bladder 

and  functions  in  a  flextensional  mode. 
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XIIL  Undfwtf  Actuation 

Using  composite  designs  similar  to 
the  PZT  fib^  and  moonie  designs, 
several  interesting  underwater  actua¬ 
tors  are  being  tested.  A  major  goal  is 
the  elimination  ol  turbulence  and  flow 
noise  to  achieve  streamline  flow.  The 
following  techniques  have  been  sug¬ 
gested  to  alter  skin  friction;^  polymer 
additions,  microbubbles,  compliant 
walls,  bursting,  coatings,  spot  forcing, 
riblets,  convex  curvature,  and  outer- 


No.^ 

ideal 


layer  devices.  Several  of  these  _ 
are  ideally  suited  to  smart  ceramics 
with  sensor-feedback-resporxJer  corrv 
bination.  Ink  jets  could  be  used  to  sun 
ply  microbubbles  to  dampen  sublay^ 
disturbames.  or  polymer  molecules  to 
replenish  a  surface  coating.  Bursting  i^ 
controlled  in  a  similar  way  by  injectinfl 
pressure  pulses  into  the  fluid  strearf 
with  a  piezopump. 

Compliant  walls  would  be  flexibly 
surface  coating,  repositioned  will 


Panel  III.  Tan  Commandmanta  of  Fiaictlonal  Compoaltea 


Composite  materials  may  be  de¬ 
fined  as  two  or  more  dissimilar  ma¬ 
terials  combined  to  optimize  the 
properties  of  the  composite.  Some 
of  the  principal  ideas  governing  the 
properties  of  composites  are  as 
follows:* 

(1)  Sum  properties  involve  the 
averaging  of  similar  properties  in  the 
component  phases,  with  the  mixing 
rules  bounded  by  the  series  and 
parallel  models,  f^  a  simple  sum 
property  such  as  the  dielectric  con¬ 
stant,  the  dielectric  constant  of  the 
composite  lies  between  those  of  the 
individual  phases.  This  is  not  true 
for  combination  properties  based 
on  two  or  more  properties.  Acoustic 
velocity  depends  on  stiffness  and 
density,  and.  since  the  mixing  rules 
for  these  two  properties  are  often 
different,  the  acoustic  velocity  of  a 
composite  is  sometimes  smaller 
than  those  of  its  constituent  phases. 

(2)  Product  properties  are  even 
more  complex  because  three  prop¬ 
erties  are  involved:  different  proper¬ 
ties  in  the  two  constituents  combine 
to  yield  a  third  property  in  the  com¬ 
posite.  In  a  magnetoelectric  com¬ 
posite,  for  instance,  the  piezoelectric 
effect  in  barium  titanate  acts  on  the 
magnetostrictive  effect  of  cobalt  fer¬ 
rite  to  produce  a  composite  mag¬ 
netoelectric  effect. 

(3)  Connectivity  patterns  are  a 
key  feature  of  composite  electro¬ 
ceramics.  The  self-connectiveness 
of  the  phases  determines  whether 
series  or  parallel  models  apply, 
and  thereby  minimize  or  maximize 
the  properties  of  the  composite. 
The  three-dimensional  nature  of  the 
connectivity  patterns  makes  it  pos¬ 
sible  to  minimize  some  tensor  com¬ 
ponents  while  maximizing  others. 
Piezoelectric  composites  rnade  from 
parallel  ferroelectric  fibers  have  large 
dn  values  and  small  dj,  values.  In 
general,  X-Y  connectivity  refers  to 
one  phase  self-connected  in  X  di¬ 
mensions,  the  other  phase  self-con¬ 
nected  in  y  dimensions.  Designation 
of  the  X  phase  and  Y  phase  is  arbi¬ 
trary,  but  must  be  defined  in  each 


case. 

(4)  Concentrated  field  and  force 
patterns  are  possible  with  carefully 
selected  connectivities.  Using  inter¬ 
nal  electrodes,  electrostrictive  ce¬ 
ramics  are  capable  of  producing 
strains  comparable  to  the  best 
piezoelectrics.  Stress  concentration 
is  achieved  by  combining  stiff  and 
compliant  phases  in  parallel.  A  num¬ 
ber  of  different  structural  engineering 
designs  are  based  on  this  principle. 

(5)  Periodicity  and  scale  are  im¬ 
portant  factors  when  composites 
are  to  be  used  at  high  frequencies 
where  resonance  and  interference 
effects  occur.  When  the  wavelengths 
are  on  the  same  scale  as  the  com¬ 
ponent  dimension,  the  composite  no 
longer  behaves  like  a  uniform  solid. 
The  colorful  interference  phenomena 
observed  in  opal  and  feldspar  miner¬ 
als  are  interesting  examples  of  natu¬ 
ral  composites.  Acoustic  analogs 
occur  in  the  lead  zirconate  titanate 
(PZT)-polynrer  composites  used  as 
biomedical  transducers. 

(6)  Symmetry  governs  the  physi¬ 
cal  properties  ol  composites  just  as 
it  does  in  single  crystals.  The  Curie 
principle  of  symmetry  superposition 
and  Neumann's  law  can  be  general¬ 
ized  to  cover  fine-scale  composites, 
thereby  elucidating  the  nature  of 
their  tensor  properties.  As  in  the 
case  of  magnetoelectric  composites, 
sometimes  the  composite  belongs 
to  a  symmetry  group  which  is  lower 
than  any  of  its  constituent  phases. 
Unexpected  product  properties  oc¬ 
cur  under  such  circumstances. 

(7)  Interfacial  effects  can  lead  to 
interesting  barrier  phenomena  in 
composites.  ZnO-Bi^Os  varistors 
and  carbon-polymer  positive  tem¬ 
perature  coefficient  thermistors  are 
important  examples  of  Schottky 
barrier  effects.  Barrier  layer  capaci¬ 
tors  made  from  conducting  grains 
separated  by  thin  insulating  grain 
boundaries  are  another  example. 

(8)  Polychromatic  percolation  is 
an  interesting  concept  which  has 
yet  to  be  fully  explored.  Composites 
fabricated  from  two  or  more  con¬ 


ducting  phases  can  have  several 
kinds  of  transport  paths,  both  sin¬ 
gle  phase  and  mixed,  depending  on 
percolation  limits  and  volume  frac¬ 
tions.  Carbon-PZT-polymer  com¬ 
posites  can  be  poled  because 
polychromatic  percolation  estab¬ 
lishes  flux  continuity  through 
ferroelectric  grains.  The  SiC-BeO 
composites  under  development  as 
substrate  ceramics  are  another  ex¬ 
ample.  These  diphasic  ceramics  are 
excellent  thermal  conductors  and 
poor  electrical  conductors  at  one 
and  the  same  time.  A  thin  layer  of 
BeO-rich  carbide  separates  the  SiC 
grains,  insulating  them  from  one  an¬ 
other  electrically,  but  providing  a 
good  acoustic  impedance  match 
ensuring  phorxxi  corKfuction. 

(9)  Coupled  phase  transforma¬ 
tions  in  polyphasic  solids  introduce 
additional  possibilities.  Recently  dis¬ 
covered  NTC-PTC  composites  made 
from  ViOs  powder  and  embedded  in 
poly(ethylene)  combine  matrix  and 
filler  materials  with  complementary 
properties.  At  low  temperatures  the 
VjOs  particles  are  in  a  semiconduct¬ 
ing  state  and  in  intimate  contact 
with  one  another.  On  passing 
through  a  semiconductor-metal 
transition,  the  electrical  conductivity 
increases  by  5  orders  of  magnitude. 
Further  heating  brings  the  polymer 
to  a  phase  transformation,  causing 
a  rapid  expansion  in  volume,  and 
pulling  the  VjOa  particles  apart.  As 
a  consequence  the  electrical  con¬ 
ductivity  decreases  dramatically  by 
8  orders  of  magnitude. 

(10)  Porosity  and  inner  surfaces 
play  a  special  role  in  many  electro¬ 
ceramic  composites  used  as  sen¬ 
sors.  Humidity  sensors  made  from 
AI203  and  LiF  have  high  inner  sur¬ 
face  area  because  ct  thermally  in¬ 
duced  fracture.  The  high  surface 
area  and  hygroscopic  nature  ol  the 
salt  resist  in  excellent  moisture  sen¬ 
sitivity  of  the  electrical  resistance. 
Chemical  sensors  based  on  similar 
principles  can  be  constructed  in  a 
similar  manner. 
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piezoelectric  or  electrostrictive  actua¬ 
tors  to  smooth  out  the  flow  pattern 
and  eliminate  flow  noise.  Spot  forcing 
can  be  accomplished  by  localized 
heating  beneath  the  surface.  In  this 
case  the  responding  actuator  is  a  pat¬ 
terned  composite  resistor. 

The  remaining  methods  of  reducing 
drag  are  mainly  passive  in  nature,  al¬ 
though  they  could  be  combined  with  a 
compliant  wall.  Semipermeable  water¬ 
absorbing  coatings  prevent  pressure 
buildup,  allowing  molecular  interchange 
between  the  fluid  and  wall.  Riblets  and 
convex  curvature  also  act  to  stream¬ 
line  flow,  as  do  the  streamlined  outer- 
layer  devices  called  OLDs.  Carefully 
designed  geometries  like  this  can  be 
built  into  smart  ceramics. 

XIV.  Very  Smart  Composites: 

The  Tunable  Transducer 

By  building-in  a  learning  function,  the 
definition  of  a  smart  material  can  be 
extended  to  a  higher  level  of  intelli¬ 
gence:  A  very  smart  material  senses  a 
change  in  the  environment  and  re¬ 
sponds  by  changing  one  or  more  of  its 
property  coefficients.  Such  a  material 
can  tune  its  sensor  and  actuator  func¬ 
tions  in  time  and  space  to  optimize 
future  behavior.  With  the  help  a  feed¬ 
back  system,  a  very  smart  material  be¬ 
comes  smarter  with  age,  something 
even  human  beings  strive  for  The  dis¬ 
tinction  between  smart  and  very  smart 
materials  is  essentially  one  between 
linear  and  nonlinear  properties.  The 
physical  properties  of  nonlinear  materi¬ 
als  can  be  adjusted  by  bias  fields  or 
forces  to  control  response 

To  illustrate  the  concept  of  a  very 
smart  material,  we  describe  the  tun¬ 
able  transducer  recently  developed 
in  our  laboratory  Electromechanical 
transducers  are  used  as  fish  finders, 
gas  igniters,  ink  jets,  micropositioners, 
biomedical  scanners,  piezoelectric 
transformers  and  filters,  accelerome¬ 
ters,  and  motors 

ri/f!  iffili'jrl.'tril  ()rfi(K:rli':'.  ol  n  tr.'iri'. 
'I'l'  ff  :il'  ’I"  lic.|  i"i,-  !  >1,1 

acoustic  impedance  (Za),  mechanical 
damping  coefficient  (0),  electrome¬ 
chanical  coupling  factor  (k),  and  elec¬ 
trical  impedance  (Zf).  The  resonant 
frequency  and  acoustic  impedance 
are  controlled  by  the  elastic  constants 
arxj  density,  as  discussed  in  the  next 
section.  The  mechanical  0  is  governed 
by  the  damping  coefficient  (a)  and  is 
important  because  it  controls  ‘ringing* 
in  the  transducer.  Definitions  of  the  co¬ 
efficients  are  given  in  Panel  IV.  Elec¬ 
tromechanical  coupling  coefficients 
are  controlled  by  the  piezoelectric  coef¬ 
ficient  which,  in  turn,  can  be  controlled 
and  fine-tuned  using  relaxor  ferroelec- 
trics  with  large  electrostrictive  effects. 
The  dielectric  "constant”  of  relaxor 
ferroelectrics  depends  markedly  on 
direct-current  bias  fields,  allowing  the 


electrical  impedance  to  be  tuned  over 
a  wide  range  as  well.  In  the  following 
sections  we  describe  the  nature  of 
nonlinearity  and  how  it  controls  the 
properties  of  a  tunable  transducer. 

XV.  Elastic  Nonllnaartty:  Tuning 
the  Resonant  Frequency 

Information  is  transmitted  via  electro¬ 
magnetic  waves  in  two  ways;  ampli¬ 
tude  modulation  (AM)  and  frequency 
modulation  (FM).  There  are  a  number 
of  advantages  to  FM  signal  process¬ 
ing,  especially  where  lower  noise  levels 
are  imF>ortant.  Atmospheric  static  is 
considerably  lower  in  FM  radio  than  in 
AM  radio. 

Signal-to-noise  ratios  are  also  impor¬ 
tant  in  the  ultrasonic  systems  used  in 
biomedical  and  nondestructive  testing 
systems,  but  FM  is  difficult  because 
resonant  frequencies  are  controiled  by 
stiffness  (c)  and  (transducer)  dimen¬ 
sions  (f)  Neither  stiffness,  dimensions, 
nor  the  density  (/»)  can  be  tuned  sig¬ 
nificantly  in  ceramics  and  most  other 
materials,  but  they  can  be  tuned  in 
rubber  To  tune  the  rescxiant  frequency 
of  a  piezoelectric  transckjcer,  we  de¬ 
signed  and  built  a  composite  trans¬ 
ducer  incorporating  thin  rubber  layers 
exhibiting  nonlinear  elasticity* 

Rubber  is  a  highly  nonlinear  elastic 
medium.  In  the  unstressed  compliant 
state,  the  molecules  are  coiled  and 
tangled,  but  under  stress  the  mole¬ 
cules  align  and  the  material  stiffens 
noticeably  (Fig.  12).  Experiments  con¬ 
ducted  on  rubber-metal  laminates 
demonstrate  the  size  of  the  nonlinear¬ 
ity  Young's  modulus  (£=1/s  nn)  W3S 
measured  for  a  multilayer  laminate 
consisting  of  alternating  steel  shim 
and  soft  rubber  layers  each  01  mm 
thick  Under  compressive  stresses  of 
200  MPa,  the  stiffness  is  quadrupled 
from  about  600  to  2400  MPa  ”  The 
resonant  frequency  {f.)  is  therefore 
doubled,  and  can  be  modulated  by 
applied  stress 
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elastic  iionlifieaiity.  il  is  llieieloie  nec¬ 
essary  to  construct  a  composite  trans¬ 
ducer  consisting  of  a  piezoelectric 
ceramic  (PZT)  transducer,  thin  rubber 
layers,  and  metal  head  and  tail 
masses,  all  held  together  by  a  stress 
bolt. 

The  resonant  frequency  and  me¬ 
chanical  0  of  such  a  sandwich  struc¬ 
ture  was  measured  as  a  function  of 
stress  bias  (Fig.  13).  Stresses  ranged 
from  20  to  100  MPa  in  the  experiments. 
Under  these  conditions  the  radial  reso¬ 
nant  frequency  changed  from  19  to 
27  kHz.  increasing  in  frequency  by  ap¬ 
proximately  50%  as  predicted  from  the 
elastic  nonlinearity.  At  the  same  time 
the  mechanical  0  increased  from 
about  11  to  34  as  the  rubber  stiffened 
under  stress. 
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This  means  that  the  electromechani¬ 
cal  coupling  coefficient  can  be  tuned 
over  a  very  wide  range,  changing  the 
transducer  from  inactive  to  extremely 
active.  The  dielectric  constant  also  de- 
perxjs  on  direct-current  bias.  The  po¬ 
larization  saturates  under  high  fields 
causing  decreases  of  100%  or  nrKxe  in 
the  capacitance.  In  this  way  the  elec¬ 
trical  impedance  can  be  controlled 
as  well. 

Elecirostrictive  transducers  have 
already  been  used  in  a  number  of  ap¬ 
plications  including  adaptive  optic  sys¬ 
tems.  scanning  tunneling  microscopes, 
and  precision  micropositioners.* 

To  summarize,  two  types  d  nonlin¬ 
earity  are  utilized  in  the  fully  tunable 
transducer:  elastic  nonlinearity  and 
piezoelectric  nonlinearity.  By  incor¬ 
porating  thin  rubber  layers  in  an 
electrostrictive  transducer,  several  im¬ 
portant  properties  can  be  optimized 
with  bias  fields  and  bias  stresses. 
Electromechanical  coupling  coeffi¬ 
cients  and  electric  impedance  are 
tuned  with  electric  field,  and  mechani¬ 
cal  damping,  resonant  frequency,  and 
acoustic  impedance  with  stress  bias. 

XVIL  Origins  of  Nonlinearity 

What  do  nonlinear  materials  have  in 
common?  The  passively  smart  PTC 
thermistor  and  ZnO  varistor  have  grain 
boundaries  a  few  nanometers  thick, 
insulating  barriers  that  can  be  ob¬ 
literated  by  the  polarization  charge  ac¬ 
companying  a  ferroelectric  phase 
transformation,  or.  in  the  case  of  the 
varistor,  insulating  boundaries  so  thin 
that  they  can  be  penetrated  by  quan¬ 
tum  mechanical  tunneling. 

Small  size  is  also  a  key  factor  in  the 
nonlinear  behavior  of  semiconductors. 
The  thin  gate  region  in  a  transistor 
allows  charge  carriers  to  diffuse 
through  unimpeded.  The  p  region  in  an 
n-p-n  transistor  is  thin  compared  with 
the  electron  diffusion  length  in  single¬ 
crystal  silicon.  Similar  size-related 
pherximena  are  observed  in  quantum 
well  structures  made  from  GaAs  and 
Gat.^l;,As,  where  planar  structures 
with  nanometer-thick  layers  show 
charvieling  behavior  of  hot  electrons  in 
clear  violation  of  Ohm's  law.  I-V  rela¬ 
tionships  are  highly  nonlinear  in  many 
submicrometer  semiconductor  struc¬ 
tures.  Ohm’s  laM  is  a  statistical  law 
which  relies  upon  the  assumption  that 
the  charge  carriers  make  a  ^ficiently 
large  number  of  collisions  to  errable 
them  to  reach  a  terminal  velocity  char¬ 
acteristic  of  the  material.  When  the 
size  of  the  conduction  is  sufficiently 
small,  compared  with  the  mean  free 
path  between  collisions,  the  statistical 
assumption  breaks  down,  and  Ohm's 
taw  is  violated. 

Nonlinear  behavior  is  also  observed 
in  thin-film  insulators  where  even  a 
modest  voltage  of  1  to  10  V  can  result 


in  huge  electric  fields  of  100  MV/^  or 
more.  This  means  that  thin-film  dielec¬ 
trics  experience  a  far  largw  field  than 
do  normal  insulators,  causing  the  po¬ 
larization  to  saturate  and  electric  per¬ 
mittivity  to  decline.  Because  of  the 
high  fields,  electric  breakdown  be¬ 
comes  a  greater  hazard,  but  this  is 
partly  counteracted  by  an  increase  in 
breakdown  strength  with  decreasing 
thickness.  This  comes  about  because 
the  electrode  equipotential  surfaces  on 
a  thin-film  dielectric  are  extremely 
close  together,  thereby  eliminating  the 
asperities  that  lead  to  field  concentra¬ 
tion  and  breakdown. 

The  influence  of  nanometer-scale 
domains  on  the  properties  of  relaxor 
ferroelectrics  has  already  been  illus¬ 
trated  with  PMN  ceramics  (Fig.  14). 
Here  the  critical  size  parameter  is  the 
size  of  the  polarization  fluctuations 
arising  from  thermal  motions  near  the 
broad  ferroelectric  phase  transfor¬ 
mation  in  PMN  and  similar  oxides.  The 
ordering  of  magrresium  and  niobium 
ions  in  the  octahedral  site  of  the  PMN 
structure  results  in  a  chemically  inho¬ 
mogeneous  structure  on  a  nanometer 
scale,  and  this,  in  turn,  influences  the 
size  of  the  polarization  fluctuations. 
Tightly  coupled  dipoles  within  each 
niobium-rich  portion  of  this  self-assem¬ 
bling  nanocomposite  behave  like  a 
superparaelectric  solid.  The  dipoles  are 
strongly  coi^led  to  one  another  but 
not  to  the  crystal  lattice,  and  thus  they 
reorient  together  under  the  influence 
of  temperature  of  electric  field.  This 
in  turn  causes  the  large  electric  per¬ 
mittivities  and  large  electrostrictive 
effects  found  in  relaxor  ferroelectrics. 

The  importance  of  nanometer-scale 
fluctuations  and  the  instabilities  asso¬ 
ciated  with  phase  transformations  is 


Fig.  14.  Strains  developed  in  lead  magnesium  niobate  (PMN)  ce¬ 
ramics.  Electromechanical  coupling  coefficient  of  PMN  can  be 
tuned  over  a  wide  range  with  a  direct  current  bias  field.’* 
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also  apparent  in  the  nonlinear  elasticity 
of  rubber  and  other  polymeric  ma¬ 
terials.  The  thernuilly  assisted  move¬ 
ment  of  the  randomly  oriented  polymer 
chains  under  tensiorial  stress  results  in 
large  compliance  coefficients,  but  rub¬ 
ber  gradually  stiffens  as  the  chains 
align  vvith  the  stress  into  pseudocrys¬ 
talline  regions.  The  increase  in  stiff¬ 
ness  with  stress  gives  rise  to  sizeable 
third-order  elastic  constants  in  many 
amorphous  polymers.  The  effect  de¬ 
pends  markedly  on  temperature.  On 
cooling  to  lower  temperatures,  rubber 
and  other  amorphous  polymers  trans¬ 
form  from  a  compliant  rubberlike  ma¬ 
terial  to  a  brittle  ^sslike  phase  which 
is  of  little  use  in  nonlinear  devices. 

Nonlirrear  behavior  is  also  observed 
in  magnetic  and  optical  systems. 
Superparam£^netic  behavior,  analo¬ 
gous  to  the  superparaeiectric  behavior 
of  relaxor  ferroeiectrics,  is  found  in 
spin  glasses,  fine  powder  magnets, 
and  magnetic  cluster  materials.  As  in 
PMN,  the  magnetic  dipoles  are  strongly 
coupled  to  one  another  in  nanometer¬ 
sized  complexes,  but  are  not  strongly 
coupled  to  the  lattice.  Superparama^ 
netic  solids  display  nonlinear  magnetic 
susceptibilities  and  unusual  effects 
in  which  Young’s  rrxxlulus  (£)  can  be 
controlled  by  a  magnetic  field.  The  ef¬ 
fect  is  especially  large  in  metallic 
glasses  made  from  Fe-Si-B-C  alloys. 
The  cluster  size  in  spin  glasses  is  in 
the  nanometer  range  similar  to  those 
in  PMN. 

PL2T  perovskites  can  be  prepared 
as  transparent  ceramics  for  electro¬ 
optic  modulators.  Quadratic  mnlinear 
optic  behavior  is  observed  in  pseudo- 
cubic  regions  of  th*^  phase  diagram 
which  show  relaxor-IlKe  properties. 

A  well-known  example  of  a  commer¬ 
cial  application  of  nonlinear  behavior  is 
the  photochromic  glass  used  in  oph¬ 
thalmic  lenses  for  protecting  the  eyes 
from  ultraviolet  radiation,  discovered 
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Fig.  15  Schematic  ol  some  possibililies  lor  smart  eleciroceramic 
packages  Smart  devices  txing  together  a  number  of  sensor-actua¬ 
tor  combinations. 


by  Corning.  Inc.  (Corning.  NY),  re¬ 
searchers  in  1964.”  This  glass  darkens 
when  exposed  to  sunlight,  then  reverts 
to  the  transparent  state  indoors.  The 
effect  is  accomplished  by  incorporat¬ 
ing  very  fine  crystallites  of  silver 
chloride  into  an  appropriate  glass 
composition.  The  incident  ultraviolet 
radiation  causes  reduction  of  Ag*  to 
Ag**,  resulting  in  trapped  electrons  and 
holes.  The  Ag®  atoms  cluster  together, 
blocking  the  incident  light  and  causing 
the  darkening  effect;  when  the  ultravio¬ 
let  radiation  is  removed,  the  Ag®  re¬ 
verts  to  Ag^,  an  energetically  favorable 
reaction  in  the  absence  of  the  radia¬ 
tion.  The  clusters  then  disperse  and 
fading  occurs.” 

In  summary,  the  nonlinear  properties 
of  electroceramics  are  often  associ¬ 
ated  with  nanometer-scale  structure 
and  diffuse  phase  transformations. 
Under  these  circumstances  the  struc¬ 
ture  is  poised  on  the  verge  of  an  insta¬ 
bility  and  responds  readily  to  external 
influences  such  as  electric  or  magnetic 
fields,  or  mechanical  stress. 

The  ready  response  of  rwnlinear  ce¬ 
ramics  allows  the  properties  to  be 
tuned  in  space  or  time  to  optimize 
the  behavior  of  the  sensor-actuator 
systems. 

XVIII.  Smart  Electroceramic 
Packages 

Up  to  this  point,  our  discussion  has 
focused  primarily  on  piezoelectric 
transducers  in  which  the  sensing  and 
actuating  functions  are  electrome¬ 
chanical  in  nature.  But  the  idea  of  a 
smart  material  is  much  more  general 
than  that.  There  are  many  types  of 
sensors  and  many  types  of  actuators, 
and  many  different  feedback  circuits. 
A  few  of  the  possible  combinations  are 
shown  in  Fig.  15. 

Many  of  these  sensors  and  actua¬ 
tors  can  be  fabricated  in  the  form  of 
multilayer  ceramic  packages.  Until  re¬ 
cently  multilayer  packages  consisted 
of  low-permittivity  dielectric  layers  with 
metal  circuitry  printed  on  each  layer 
and  interconnected  through  metallized 
via  holes  between  layers.  Buried  ca¬ 
pacitors  and  resistors  have  now  been 
added  to  the  three-dimensional  pack¬ 
ages,  and  other  components  will  follow 
shortly.  Smart  sensors,  adaptive  actua¬ 
tors,  and  display  panels,  with  thermis¬ 
tors  and  varistors  to  guard  against 
current  and  voltage  overloads,  are  next 
in  line  for  development.” 

XiX.  Chemical  Sensors 

The  electrochemical  response  to  a 
cnange  in  environment  is  another 
material  characteristic  which,  when 
properly  interpreted,  can  elevate  the 
material  to  those  of  other  smart  ma¬ 
terials.  One  of  the  smartest  and  most 
durable  sensors  in  the  human  body 
is  the  nose,  which  can  easily  detect 
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minute  amounts  of  foreign  substances 
and,  by  feeding  this  information  to  the 
brain,  determine  the  identity  of  the  un¬ 
seen  sid}stance,  even  in  a  mixture  of 
components.  Although  the  need  for  ar¬ 
tificial  human  noses  is  hardly  pressing, 
the  need  to  identify  the  presence  of 
potentially  harmful  or  toxic  substances 
is  a  real  one,  especially  in  this  age  of 
environmental  awareness. 

A  chemical  sensor  may  be  loosely 
defined  as  any  material  (or  system) 
which  responds  to  a  change  in  its 
chemical  environment.  The  important 
characteristics  of  a  sensor  are  its 
sensitivity  (ability  to  detect  species 
present  in  small  quantities),  selwtivity 
(ability  to  distinguish  between  two 
similar  chemical  species),  specificity 
(ability  to  measure  the  same  unique 
property  for  any  species),  and  repro¬ 
ducibility  (ability  to  obtain  high  accu¬ 
racy  consistently  and  repeatedly).  The 
development  of  useful  solid-state 
chemical  sensors  is  a  great  challenge 
to  materials  scientists.  A  particularly 
attractive  material  property  to  monitor 
for  chemical  sensors  is  the  electri¬ 
cal  conductivity  because  of  the  tre¬ 
mendous  scale  associated  with  this 
property,  more  than  24  orders  of  mag¬ 
nitude  (excluding  superconductors) 
separate  the  best  insulators  (inert  poly¬ 
mers,  quart2)  from  the  best  conduc¬ 
tors  (metals— silver,  copper,  and  gold). 

In  chemical  sensors,  the  ability  of 
the  sensor  to  rid  itself  of  the  contami¬ 
nation  after  exposure  is  a  common 
problem— as  a  result,  many  must  be 
considered  disposable,  one-time-use 
devices.  For  example,  humidity  detec¬ 
tion  by  porous  ZnO  is'  a  well-known 
phenomena,  but  the  self-recovery 
mechanism  in  ZnO  is  quite  poor.  The 
resistance  of  a  ZnO  sensor  decreases 
with  water  adsorption,  but  removal  of 
the  water  is  very  slow  at  room  tem¬ 
perature.  Thus  the  measured  resistivity 
may  not  indicate  the  correct  humidity 
level  because  of  the  large  hysteresis 
observed  in  the  humidity-resistivity 
characteristic.  To  obtain  accurate  re¬ 
sults.  the  ZnO  sensor  must  be  regener¬ 
ated  to  reactivate  the  absorption  sites. 

A  somewhat  smarter  humidity  sen¬ 
sor  with  a  self-recovery  mechanism 
has  been  developed  from  a  two-phase 
composite  of  a  p-type  semiconductor 
(eg..  CuO,  NiO)  and  an  rr-type  semi¬ 
conductor  (ZnO).*  The  amount  of  water 
adsorption  near  the  p-n  heterocontact 
changes  with  humidity,  and  electron 
holes  are  ejected  from  the  p-type 
semiconductor  into  the  adsorbed  water 
molecules,  giving  rise  to  protons  In  the 
water  phase.  The  positive  charge  is  lib¬ 
erated  at  the  n-type  surface,  and,  as  a 
consequence,  the  water  is  electrolyzed. 
Consequently,  during  the  l-V  measure¬ 
ments  the  regeneration  process  is  ini¬ 
tiated  by  the  applied  voltage,  and 
continues  to  work  during  the  sensing 


process  since  it  is  intimately  connected 
to  the  sensing  mechanism.  This  is  a 
perfect  example  of  self-recovery  in  a 
smart  sensor. 

Semiconducting  metal  oxides,  par- 
ticiJarly  SnO;.  are  known  to  under^  a 
remarkable  decrease  in  electrical 
resistivity  in  the  presence  of  certain 
chemical  species,  usually  those  asso¬ 
ciated  with  oxygen  deficiencies  or  ex¬ 
cess  electrons  at  the  surface.  Often, 
merely  knowing  exactly  what  to  look 
for  is  all  that  is  necessary  to  develop 
a  smart  sensor  from  a  semiconduct¬ 
ing  oxide. 

A  good  example  of  this  type  of 
thinking  is  the  so-called  sushi  sensor, 
designed  to  monitor  the  freshness 
of  fish.  The  basic  component  of  fish 
flesh  is  adenosine  triphosphate  (ATP), 
which  decomposes  into  inosine  and 
hypoxanthine  when  the  fish  dies.  The 
percentage  of  these  decomposition 
products  in  ATP  is  expressed  by  a 
freshness  factor  K.  K  values  can  be 
obtained  by  quantitative  analysis  of 
the  decomposition  process,  but  this 
requires  considerable  effort  and  time. 

Instead,  the  gaseous  components  of 
the  decomposition  reaction,  trimethyl- 
amine  (TMA)  and  dimethylamine  (DMA) 
can  be  monitored  by  a  solid-state 
ruthenium-doped  TiO*  sensor,*  pic¬ 
tured  in  Fig.  16(A).  Ruthenium  aids  in 
catalyzing  the  decomposition  of  DMA 
and  TMA  gases,  as  well  as  acting  as 
an  electron  acceptor  in  the  space 
charge  region  at  the  surface  of  the 
semiconductor.  The  resistance  of  the 
sensor,  fl.  can  then  be  related  directly 
to  the  K  value,  as  shown  graphically  in 
Fig.  16(B), 

Conductive  polymers  can  be  quite 
smart  as  well.  Poly(pyrrole)  and 
poly(vinylpyridine)  change  conductivity 
by  absorbing  and  dissociating  certain 
organics,  which  results  in  high  ionic 
conductivity.^ 

Conducting  composites,  consisting 
of  an  inert  corxfuctive  filler  in  an  insu¬ 
lating  polymer  matrix,  may  be  used  as 
chemical  sensors  as  well.*  If  in  the  ini- 


Flg.  16  Fish  freshness  sensor,  showing  (A)  a  diagram  of  the  device  and  (B)  the  response  of 
the  sensor  element.* 
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tial  state  a  polymer  is  loaded  with  con¬ 
ductive  filler  tseyond  the  percolation 
threshold,  it  will  have  a  low  resistivity 
close  to  that  of  the  pure  filler  material. 
All  polymers  will  expand  in  the  pres¬ 
ence  of  the  proper  chemical  solvent; 
thus,  if  the  correct  polymer  is  chosen 
for  the  matrix,  the  conductor-loaded 
polymer  will  expand  in  the  presence  of 
a  given  chemical  vapor,  disrupting  per¬ 
colation  and  increasing  the  resistance 
to  the  level  of  the  pure  polymer  (see 
Fig.  17). 

The  large  number  of  available  poly¬ 
mers  with  a  wide  range  of  solubilities 
in  different  solvents  made  this  an  open- 
ended  field  for  the  discovery  of  new, 
selective  chemical  sensors  Correct 
choice  of  the  conductive  filler  material 
increases  the  sensitivity  while  reducing 
the  power  consumption,  making  it 
possible  to  develop  compact  battery- 
operated  sensors  for  applications  such 
as  alcohol  ‘breathalyzer''  sensors,  leak 
detectors  for  fuel  storage  tanks,  and 
natural-gas  leak  detectors  for  the  home. 

The  next  level  of  integration  for  com¬ 
posite  sensors  is  not  difficult  to  imag¬ 
ine.  it  is  the  combination  of  chemically 
active  filler  (eg.,  SnO?)  and/or  a  chemi¬ 
cally  active  polymer  (e  g.,  poly(pyrrole)) 
into  a  conductive  composite  which  can 
change  resistivity  by  either  an  intrinsic 
filler  reaction,  an  intrinsic  change  in  the 
polymer,  or  an  extrinsic  change  due  to 
percolation  disruption  upon  swelling. 
Combining  the  sensor  with  an  actuator 
circuit  (i.e.,  on  a  silicon  chip)  would 
produce  a  self-contained,  smart  sensor 
package.  Actuation  might  involve  re¬ 
moving  spoiled  food  from  a  conveyor 
belt,  or  perhaps  identifying  the  pres¬ 
ence  of  a  noxious  gas  with  a  color 
change  or  an  alarm  buzzer.  As  with 
most  smart  materials,  none  of  these 
ideas  are  especially  new:  it  is  only  the 
idea  of  incorporating  these  functions 
inside  the  material  that  is  new 
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Rg.  17.  Schematic  ol  composite  chemical  sensor  response. 


XX.  Ritur*  Pavkiptnuts 

Integration  and  miniaturization  of 
electroceramic  sensors  and  actuators 
is  an  ongoing  process  in  the  automo¬ 
tive  and  consumer  electronics  areas. 
Multilayer  packages  containing  signal¬ 
processing  layers  made  up  of  low-per¬ 
mittivity  dielectrics  and  printed  metal 
interconnections  are  in  widespread 
production.  Further  integration  with 
embedded  resistors  and  capacitors 
are  under  development,  and  its  seems 
likely  that  intelligent  systems  will  make 
use  of  the  same  processing  technol¬ 
ogy.  Tape  casting  and  screen  printing 
are  used  most  often.  Varistors,  chemi¬ 
cal  sensors,  thermistors,  and  piezoelec¬ 
tric  transducers  can  all  be  fabricated 
in  this  way.  opening  up  the  possibility 
of  multicomponent,  multifunction  ce¬ 
ramics  with  both  sensor  and  actuator 
capabilities.  Silicon  chips  can  be 
mounted  on  these  multifunctional 
packages  to  provide  all  or  part  of  the 
control  network.  Processing  is  a  major 
challenge  because  of  the  high  firing 
temperatures  of  most  ceramics,  typi¬ 
cally  in  the  range  800°  to  1500°C.  Dif¬ 
ferences  in  densification  shrinkage  and 
thermal  contraction,  with  adverse 
chemical  reactions  between  the  electro¬ 
ceramic  phases,  create  formidable 
problems.  Nevertheless,  the  rewards  for 
such  an  achievement  are  substantial. 
An  all-ceramic,  multifunction  package 
would  be  small,  robust,  inexpensive, 
and  sufficiently  refractory  to  withstand 
elevated  temperatures. 

Electrodes  are  both  a  problem  and  a 
challenge.  At  present,  precious  metals 
such  as  palladium  and  platinum  are 
used  in  multilayer  ceramic  compo¬ 
nents,  greatly  adding  to  the  cost  of  the 
device.  Copper  and  nickel  electrodes 
require  that  the  ceramic  be  fired  in  a 
reducing  atmosphere,  which  may  re¬ 
duce  the  electroceramic  layers  and  ad¬ 
versely  affect  the  electrical  properties. 
Copper  and  silver  have  high  electrical 
conductivity  but  the  melting  points 
(— 1000°C)  require  lower  firing  tempera¬ 
tures  and  make  it  necessary  to  alter 
the  ceramic  compositions  and  fabrica¬ 
tion  procedures.  Some  headway  has 
been  made  on  this  problem,  but  further 
work  is  needed.  One  interesting  ap¬ 
proach  to  the  problem  is  ceramic  elec¬ 
trodes.  There  are  a  number  of  ceramic 
phases  with  excellent  conductivity 
which  could  be  used,  including  the 
copper  oxide  superconductors.  In  actu¬ 
ator  devices,  there  are  some  special 
advantages  in  having  electrodes  and 
piezoceramics  with  matched  elastic 
properties. 

Composites  are  another  approach  to 
making  sensor-actuator  combinations. 
These  can  be  formed  at  lower  tempera¬ 
tures  using  low-firing  ceramics  and 
high-temperature  polymers  such  as 
polyimides.  Sol-gel  and  chemical 
precipitation  methods  are  helpful  in 
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preparing  ceramic  powders  with  low 
calcining  temperatures,  but  further 
work  on  composite  fabrication  is  re¬ 
quired  to  obtain  reliable  and  repro¬ 
ducible  electrical  behavior. 

To  miniaturize  the  sensors  arKl  ac¬ 
tuators,  and  to  obtain  complex  shapes, 
we  recommend  the  use  of  photolithog¬ 
raphy  and  other  processing  methods 
used  in  the  semiconductor  industry. 
Ultraviolet  curable  polymers  incorpo¬ 
rated  into  the  tape-casting  process 
make  photolithographic  processing 
comparatively  easy  and  should  find 
wide  use  in  preparing  ceramic  or  com¬ 
posite  packages  for  intelligent  systems. 

The  next  logical  step  is  to  combine 
the  sensor  and  actuator  functions  with 
the  control  system.  This  can  be  done 
by  depositing  electroceramic  coatings 
on  integrated  circuit  silicon  chips.  This 
is  currently  a  very  “hot"  area  for  ma¬ 
terials  research;  many  varieties  of  thin- 
film  sensors  and  actuators  can  be 
produced  by  a  number  of  techniques. 

Reliability  is  a  major  requirement  in 
all  complex  systems.  Further  research 
on  electrical  and  mechanical  break¬ 
down  of  sensor-actuator  materials  is 
needed  to  elucidate  the  mechanisms 
responsible  for  failure.  Fail-safe  and 
self-repair  phenomena  would  be  very 
helpful. 

Intelligent  systems  for  hostile  envi¬ 
ronments  is  another  topic  area  of  inter¬ 
est.  Sensor  and  actuator  systems  that 
can  operate  at  high  temperatures  in¬ 
side  engines  or  furnaces  are  required 
to  monitor  combustion  and  to  pro¬ 
vide  pollution  controls.  Radioactive 
and  chemical  waste  sensors  are  an¬ 
other  problem.  Intelligent  systems  for 
oceanographic  studies  and  oil  explo¬ 
ration  must  withstand  high  pressures 
and  salinity  conditions. 

Electroceramics  have  a  vital  role  to 
play  in  intelligent  systems,  and  many 
new  developments  will  take  place  in  the 
coming  decade  and  the  next  century. 
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ABSTRACT 

The  concept  of  a  fully  tunable  transducer  is  developed  as  an  example  of  a 
very  smart  material  whose  sensing  and  actuating  functions  can  be  tuned  to 
optimize  behavior.  By  constructing  the  composite  transducer  from  an  elastically 
nonlinear  material  (rubber)  and  an  electrically  nonlinear  material  (relaxor 
ferroelectric),  most  of  its  key  properties  can  be  adjusted  over  wide  ranges  by 
applying  DC  bias  fields  or  mechanical  prestress.  These  properties  include 
resonant  frequency,  acoustic  and  electric  impedance,  damping  factors,  and 
electromechanical  coupling  coefficients. 

The  origins  of  nonlinear  properties  are  considered  briefly  using 
electrostriction  as  an  example.  The  nonlinearities  usually  involve  phase 
transformations  and  size-dependent  phenomena  on  the  nanometer  scale. 

INTRODUCTION 

Much  of  the  recent  interest  in  nonlinear  phenomena  stems  from  the  desire 
to  build  "smart  materials"  for  intelligent  systems.  The  words  "smart  materials" 
have  different  meanings  for  different  people,  and  can  be  smart  in  either  a  passive 
sense  or  an  active  sense.  Passively  smart  materials  incorporate  self-repair 
mechanisms  or  stand-bv  phenomena  which  enable  the  material  to  withstand 
sudden  changes  in  the  surroundings. 

Ceramic  varistors  and  PTC  thermistors  are  passively  smart  materials. 
When  struck  by  lightning  or  otherwise  subjected  to  high  voltage,  a  zinc  oxide 
varistor  loses  its  electrical  resistance  and  the  current  is  bypassed  to  ground.  The 
resistance  change  is  reversible  and  acts  as  a  stand-by  protection  phenomenon. 
Barium  titanate  PTC  thermistors  show  a  large  increase  in  electrical  resistance  at 

the  ferroelectric  phase  transformation  near  BO^C.  The  jump  in  resistance  enables 
the  thermistor  to  arrest  current  surges,  again  acting  as  a  protection  element.  The 
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R(V)  behavior  of  the  varistor  and  the  R(T)  behavior  of  the  PTC  thermistor  are 
both  highly  nonlinear  effects  which  act  as  standby  protection  phenomena,  and 
make  the  ceramics  smart  in  a  passive  mode. 

A  smart  ceramic  can  also  be  defined  with  reference  to  sensing  and 
actuating  functions,  in  analogy  to  the  human  body.  A  smart  ceramic  senses  a 
change  in  the  environment,  and  using  a  feedback  system,  makes  a  useful 
response.  It  is  both  a  sensor  and  an  acutator.  Examples  include  vibration 
damping  systems  for  space  structures  and  energy-saving  windows  for  homes  and 
factories.  The  new  electronically-controlled  automobile  suspension  systems 
using  piezoelectric  ceramic  sensors  and  actuators  constitutes  an  actively  smart 
material. 


By  building  in  a  learning  function,  the  deilnition  can  be  extended  to  a 
higher  level  of  intelligence:  A  very  smart  ceranic  senses  a  change  in  the 
environment  and  responds  bv  changing  one  or  more  of  its  property  coefficients. 
Such  a  material  can  tune  its  sensor  and  actuator  functions  in  time  and  space  to 
optimize  behavior.  The  distinction  between  smart  and  very  smart  materials  is 
essentially  one  between  linear  and  nonlinear  properties.  The  physical  properties 
of  nonlinear  materials  can  be  adjusted  by  bias  fields  or  forces  to  control  response. 

TUNABLE  TRANSDUCER 

To  illustrate  the  concept  of  a  very  smart  material,  we  describe  the  tunable 
transducer  recently  developed  in  our  laboratory.  Electromechanical  transducers 
are  used  as  fish  finders,  gas  igniters,  ink  jets,  micropositioners,  biomedical 
scanners,  piezoelectric  transformers  and  filters,  accelerometers,  and  motors. 

Four  important  properties  of  a  transducer  are  the  resonant  frequency  f,  the 
acoustic  impedance  Za,  the  mechanical  damping  coefficient  Q,  the 
electromechanical  coupling  factor  k,  and  the  electrical  impedance  Ze.  The 
resonant  frequency  and  acoustic  imped^ce  are  controlled  by  the  elastic  constants 
and  density,  as  discussed  in  the  next  section.  The  mechanical  Q  is  governed  by 

the  damping  coeffrcient  (tan  5)  and  is  important  because  it  controls  "ringing"  in 
the  transducer.  Electromechanical  coupling  coefficients  are  controlled  by  the 
piezoelectric  coefficient  which,  in  turn,  can  be  controlled  and  frne-tuned  using 
relaxor  ferroelectrics  with  large  electrostrictive  effects.  The  dielectric  "constant" 
of  relaxor  ferroelectrics  depends  markedly  on  DC  bias  Helds,  allowing  the 
electrical  impedance  to  be  tuned  over  a  wide  range  as  well.  In  the  following 
sections  we  describe  the  nature  of  nonlinearity  and  how  it  controls  the  properties 
of  a  tunable  transducer. 

ELASTIC  NONLINEARITY:  TUNING  THE  RESONANT  FREQUENCY 

Information  is  transmitted  on  electromagnetic  waves  in  two  ways: 
amplitude  modulation  (AM)  and  frequency  modulation  (FM).  There  are  a  number 
of  advantages  to  FM  signal  processing,  especially  where  lower  noise  levels  are 
important 
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Signal-to-noise  ratios  are  also  important  in  the  ultrasonic  systems  used  in 
biomedicd  and  nondestructive  testing  systems,  but  FM-moduladon  is  difflcult 
because  resonant  frequencies  are  controlled  by  stiffness  (c)  and  sample 
dimensions  (t): 

f  =-^Vc/  P 

Neither  c,  t,  or  the  density  p  can  be  tuned  significandy  in  most  materials,  but 
rubber  is  an  exception.  To  tune  the  resonant  frequency  of  a  piezoelectric 
transducer,  we  have  designed  and  built  a  composite  nunsducer  incorporating  thin 
rubber  layers  exhibiting  nonlinear  elasticity. 

Rubber  is  a  highly  nonlinear  elastic  medium.  In  the  unstressed 
compliant  state,  the  molecules  are  coiled  and  tangled,  but  under  stress  the 
molecules  align  and  the  material  stiffens  noticeably.  Experiments  carried  out  on 
rubber-metal  laminates  demonstrate  the  size  of  the  nonlinearity.  Young's 
modulus  (E  =  1/siiii)  was  measured  for  a  multilayer  laminate  consisting  of 
alternating  steel  shim  and  soft  rubber  layers  each  0.1  mm  thick.  Under 
compressive  stresses  of  200  MN/m^,  the  stiffness  is  quadrupled  from  about  600 
to  2400  MN/m2,  The  resonant  frequency  f  is  therefore  double,  and  can  be 
modulated  by  applied  stress. 

Rubber,  like  most  elastomers,  is  not  piezoelectric.  To  take  advantage  of 
the  elastic  nonlinearity,  it  is  therefore  necessary  to  construct  a  composite 
transducer  consisting  of  a  piezoelectric  ceramic  (P2rr)  transducer,  thin  rubber 
layers,  and  metal  head  and  tail  masses,  all  held  together  by  a  stress  bolt. 

The  resonant  frequency  and  mechanical  Q  of  such  a  triple  sandwich 
structure  was  measured  as  a  function  of  stress  bias.  Stresses  rang^  from  20  to 
100  MPa  in  the  experiments.  Under  these  conditions  the  radial  resonant 
frequency  changed  from  19  to  37  kHz,  approximately  doubling  in  frequency  as 
predicted  from  the  elastic  nonlinearity.  At  the  same  time  the  mechanical  Q 
increases  from  about  1 1  to  34  as  the  rubber  stiffens  under  stress. 

The  changes  in  resonance  and  Q  can  be  modeled  with  an  equivalent 
circuit  in  which  the  compliance  of  the  thin,  rubber  layers  are  represented  as 
capacitors  coupling  together  the  larger  masses  (represented  as  inductors)  of  the 
PZT  transducer  and  the  metal  head  and  tail  masses.  Under  low  stress  bias,  the 
rubber  is  veiy  compliant  and  effectively  isolates  the  •’ZT  transducer  from  the  head 
and  tail  masses.  At  very  high  stress,  the  rubber  stiffens  and  tightly  couples  the 
metal  end  pieces  to  the  resonating  PZT  ceramic.  For  intermediate  stresses  the 
rubber  acts  as  an  impedance  transformer  giving  parallel  resonance  of  the  PZT  - 
rubber  -  metal  -radiation  load. 

It  is  interesting  to  compare  the  change  in  frequency  of  the  tunable 
transducer  with  the  transceiver  systems  used  in  the  biological  world.  The 
biosonar  system  of  the  flying  bat  is  similar  in  frequency  and  tunability  to  our 
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tunable  transducer.  The  bat  emits  chi^s  at  30  kHz  and  listens  for  the  return 
signal  to  locate  flying  insects.  To  help  it  differentiate  the  return  signal  from  the 
outgoing  chirp,  and  to  help  in  timing  the  echo,  the  bat  puts  an  FM  signature  on 
the  pulse.  This  causes  the  resonant  fi^uency  to  decrease  from  30  to  20  kHz  near 
the  end  of  each  chirp.  Return  signals  from  the  insect  target  are  detected  in  the  ears 
of  the  bat  where  neural  cavities  tuned  to  this  frequency  range  measure  the  time 
delay  and  flutter  needed  to  locate  and  identify  its  prey.  Extension  of  the  bat 
biosonar  principle  to  automotive,  industrial,  medical  and  entertainment  systems  is 
obvious. 

PIEZOELECTRICNONLINEARITY:  TUNING  THE 
ELECTROMECHANICAL  COUPLING  COEFFICIENT 

The  difference  between  a  smart  and  a  very  smart  material  can  be 
illustrated  with  piezoelectric  and  electrostrictive  ceramics.  P2rr  (lead  zirconate 
titanate)  is  a  piezoelectric  ceramic  in  which  the  ferroelectric  domains  are  aligned  in 
a  poling  field.  Strain  is  linearly  proportional  to  electric  field  in  a  piezoelectric 
material  which  means  that  the  piezoelectric  coefficient  is  a  constant  and  cannot  be 
electrically  tuned  with  a  bias  Held.  Nevertheless  it  is  a  smart  material  because  it 
can  be  us^  both  as  a  sensor  and  an  actuator. 

PMN  (lead  magnesium  niobate)  is  not  piezoelectric  at  room  temperature 

because  its  Curie  temperature  lies  near  0®C.  Because  of  the  proximity  of  the 
ferroelectric  phase  transformation,  and  because  of  its  diffuse  nature,  PMN 
ceramics  exhibit  ve^  large  electrostrictive  effects.  The  nature  of  this  large 
nonlinear  relationship  between  strain  and  electric  field,  and  of  its  underlying 
atomistic  origin,  will  be  described  later. 

Electromechanical  strains  comparable  to  PZT  can  be  obtained  with 
electrostrictive  ceramics  like  PMN,  and  without  the  troubling  hysteretic  behavior 
shown  by  PZT  under  high  fields.  The  nonlinear  relation  between  strain  and 
electric  field  in  electrostrictive  transducers  can  be  used  to  tune  the  piezoelectric 
coefficient  and  the  dielectric  constant. 

The  piezoelectric  <^3  coefficient  is  the  slope  of  the  strain-electric  field 
curve  when  strain  is  measured  in  the  same  direction  as  the  applied  field.  Its  value 
for  Pb  (Mgo.3Nbo.6'I'io.l)  ^3  ceramics  is  zero  at  zero  field  and  increases  to  a 
maximum  value  of  1300  pC/N  (about  three  times  hxger  than  PZT)  under  a  bias 
field  of  3.7  kV/cm. 

This  means  that  the  electromechanical  coupling  coefficient  can  be  tuned 
over  a  very  wide  range,  changing  the  transducer  from  inactive  to  extremely  active. 
The  dielectric  constant  also  depends  on  DC  bias.  The  polarization  saturates  under 
high  fields  causing  decreases  of  100%  or  more  in  the  capacitance.  In  this  way  the 
electrical  impedance  can  be  controlled  as  well. 
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Electrostrictive  transducers  have  already  been  used  in  a  number  of 
applications  including  adaptive  optic  systems,  scanning  tunneling  microscopes, 
and  precision  microposidoners. 

To  summarize,  two  types  of  nonlinearity  are  utilized  in  the  fully  tunable 
transducer:  elastic  nonlinearity  and  piezoelectric  nonlinearity.  By  incorporating 
thin  rubber  layers  in  an  electrostrictive  transducer  several  important  prop^es  can 
be  optimized  with  bias  fields  and  bias  stresses.  Electromechanical  coupling 
coefficients  and  electric  impedance  are  tuned  with  electric  field,  and  mechanic^ 
damping,  resonant  fiequency,  and  acoustic  imp^ance  with  stress  bias. 

RELAXOR  FERROELECTRICS 

In  the  three  remaining  sections  we  consider  the  atomistic  origin  of 
nonlinear  behavior  in  ceramics.  The  magnesium  -  niobium  distribution  in  PMN 
ceramics  have  been  studied  by  transmission  electron  microscopy.  Images  formed 
from  superlattice  reflections  show  that  the  size  of  the  regions  with  1:1  ordering  is 
approximately  3  nm  (=30A).  The  ordered  regions  are  small  islands  separated  by 
narrow  walls  of  niobium  -  rich  PMN. 

A  simple  energy  argument  explains  the  scale  of  the  ordered  regions. 
The  chemical  formula  of  PMN  can  be  divided  into  1:1  ordered  regions  with 
niobium-rich  coatings  as  follows: 

Pb3MgNb209  =  (Pb2MgNb06)-  +  (PbNb03)+ 

assuming  all  ions  have  their  usual  valence  states,  the  ordered  regions  will  be 
negatively  charged  and  the  coatings  positive.  The  mdering  must  therefore  be  on  a 
very  fine  scale  in  order  to  minimize  coulomb  energy. 

A  cubes  model  is  adopted  to  estimate  the  size  of  ordered  islands.  Let 
each  island  be  a  cube  n  unit  cells  on  edge.  Then  there  will  be  t?P.  Mg  atoms  and 
n^/2  Nb  atoms  within  the  island.  This  means  that  Nb  atoms  are  excluded 
from  the  island  because  the  Mg:Nb  ration  is  1:1  in  the  ordered  island  and  1:2  in 
the  chemical  formula.  We  assume  the  excluded  niobiums  fonn  a  thin  monolayer 
coating  on  the  cubes  then  n^/2  =  3n^,  where  3n^  is  the  number  of  surface  atoms 
per  cube,  neglecting  edges  and  corners.  By  keeping  the  coating  as  thin  as 
possible,  charge  is  neutralized  on  a  local  scale,  and  electrostatic  energy  is 
minimized. 

Solving  the  ^nation  gives  n=6,  or  24A,  surprisingly  close  to  the  30A 
observed  by  TEM.  It  is  also  interesting  to  compare  this  result  with  the  behavior 
observed  of  small  ferroelectric  particles.  X-ray  studies  of  very  fine-grained 
PbTi03  show  that  the  polar  tetragonal  phase  becomes  unstable  below  about 
200A,  the  so-called  ferroelectric  -  superparaelectric  transformation.  Relaxor 
ferroelectrics  like  PMN  exhibit  many  of  the  characteristics  of  superparaelectric 
solids  where  the  dipole  moments  are  strongly  coupled  to  one  another,  but  not  to  a 
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crystallographic  axis.  The  coupled  electric  dipoles  oscillate  in  orientation  and 
respond  readily  to  applied  fields  giving  rise  to  large  dielectric  constants  and 
massive  electrostriction  coefficients. 

SEVEN  MISCONCEPTIONS  ABOUT  ELECTROSTRICTION 

Perhaps  the  best  way  to  describe  the  basic  features  of  nonlinear  physical 
properties  is  to  Erst  dispel  some  of  the  common  misconceptions.  Some  of  the 
key  ideas  are  described  in  this  section  using  electrostriction  as  an  example. 

Misconception  #1:  Electrostrictive  strain  is  proportional  to  the  square  of  the 
electric  field. 

When  an  electric  field  E  is  applied  to  an  insulator  it  develops  a  polarization 
P  and  a  strain  e.  In  tensor  notation  the  strain  can  be  written  as  a  power  series  in  E 
or  in  P. 

(1)  Eij  =  dijkEk  +  Mijki  EkEi  + - 

(2)  Eij  =  dijkPk  +  Qijkl  PkPl  + - 

The  first  term  in  both  equations  represents  piezoelectricity,  the  second 
electrostriction.  Piezoelectricity  is  a  third  rank  tensor  property  found  only  in 
noncentrosymmetric  materials.  It  is  absent  in  most  ceramic  materials,  but 
electrostriction  is  not.  The  electrostriction  coefficients  Mukl  or  Qijki  constitute  a 
fourth  rank  tensor  which,  like  the  elastic  constants,  are  found  in  all  materials, 
regardless  of  symmetry.  In  the  discussion  which  follows,  we  deal  with 
centrosymmetric  media  for  which  the  pieixielectric  coefficients  are  zero. 

Returning  to  equations  (1)  and  (2),  which  of  these  equations  is  the  correct 
way  to  describe  electrostriction,  or  can  boA  be  used?  For  normal  low  permittivity 
materials,  the  polarization  P  is  proportional  to  the  applied  electric  field  E,  and 
therefore  both  expressions  are  correct,  but  for  high  permittivity  solids  only  one  is 
correct.  Under  high  fields,  the  polarization  saturates  in  high  permittivity 
materials,  especially  in  ferroelectric  ceramics  just  above  Tc,  the  Curie  temperature. 
In  capacitor  dielectrics,  it  is  not  unusual  to  observe  a  decrease  in  dielectric 
constant  of  100%  under  high  electric  fields.  In  this  situation  P  is  not  proportional 
to  E,  and  therefore  electrostrictive  strain  cannot  be  proportional  to  both  E^  and  P^. 

When  strain  is  plotted  as  a  function  of  electric  field  for  PMN-PT,  a 
typical  electrostrictive  transducer  ceramic,  it  is  not  proportional  to  E^  except  for 
small  fields  where  the  shape  is  parabolic.  When  plotted  as  function  P^,  a  straight 
line  is  obtained  for  the  e(P^)  relationship.  Therefore  the  correct  way  to  formulate 
electrostriction  is 


(3) 


ey  =  QijkiPkPi 


(iO,k,l  =  1,2,3) 


The  Mijki  coefficients  in  eq.  (1)  are  not  good  constants  except  in  linear  dielectrics. 


It  is  instructive  to  convert  the  fourth  rank  tensor  coefficients  to  the  more 
manageable  matrix  form 


(4)  ei  =  QijPj2  (iJ  =  l-6) 

When  written  out  in  full  for  cubic  point  group  m3m,  this  becomes 
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In  this  expression  ei,  £2  and  £3  represent  tensile  strains  along  the  [100],  [010], 

and  [001]  axes,  respectively.  £4,  £5  and  £5  are  shear  strains  about  the  same  three 
axes. 


To  understand  the  structure-property  relationship  underlying 
electrostiiction,  it  is  helpful  to  visualize  the  atomistic  meaning  of  coefficients  Qn, 
Qi2,  and  Q44.  The  high  temperature  structure  of  PbTiOs  is  pictured  in  Fig.  1  a. 
Le^  ions  are  located  at  the  comers  of  the  cubic  unit  cell,  titanium  ions  at  the 
body-centered  position,  and  oxygens  at  the  face-center  positions. 

When  an  electric  field  is  applied  along  [100],  polarization  component  Pi 
develops  along  the  same  axis.  This  in  turn  causes  die  unit  cell  to  elongate  by  an 

amount  Aa,  and  the  resulting  tensile  strain  is  £1  =  Aa/a.  Electrostrictive 

coefficient  Qn  is  equal  to  The  drawing  in  Fig.  lb  makes  it  clear  why 

electrostrictive  strain  is  proportional  to  electric  polarization  rather  than  electric 
held.  PbUuizadon  and  strain  are  both  controlled  by  atomic  displacement. 

The  atomistic  meaning  of  Q12  and  Q44  are  pictured  in  figs.  1  c  and  1  d, 
respectively. 
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Fig.  1  Electrostriction  in  cubic  pervoskite  showing  the  physical  origin  of 
coefHcients  Qn,  Qi2i  and  Q44. 
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Misconception  #2.  Large  voltages  are  required  to  d>serve  electrosttiction. 

This  misconception  arises  from  the  fact  that  historically,  the  first 
electroceramics  were  high  voltage  insulators  made  from  low  permittivity  oxides 
such  as  porcelain,  glass,  steatite,  and  alumina.  To  prevent  breakdown,  the 
insulators  were  fabricate  in  large  sizes,  typically  with  1-10  cm  separation 
between  electrodes.  Under  these  conditions  the  voltages  required  to  induce 
measurable  electrostriction  are  huge,  but  the  picture  has  changed  in  the  last 
decade. 


Two  factors  have  made  the  difference:  sma'ler  electrode  separation  and 
higher  permittivity.  The  introduction  of  thin  and  thick  film  technology,  together 
with  tape-casting,  has  reduced  the  thickness  of  the  dielectric  constants  to  less  than 

50  |xm  with  corresponding  increases  in  the  electric  field  levels.  Fields  of 
megavolts/meter  are  common  under  these  circumstances.  At  the  same  time,  new 
ferroelectric  ceramics  with  dielectric  constants  in  excess  of  10,000  have  rais^  the 
polarization  levels  to  new  heights,  further  contributing  to  electrostriction  strain. 
As  a  result,  strains  of  10*^  to  10*^  are  observed  with  relatively  modest  voltages. 

Misconception  #3  Electrostriction  coefficients  are  about  the  same  size  for  all 
materials. 

Misconception  #4  Electrostriction  coefficients  are  largest  in  ferroelectric  solids 
with  high  dielectric  constants. 


Qll  coefficients  measured  for  normal  oxides  are  several  orders  of 
magnitude  or  more  larger  than  those  of  ferroelectrics. 

Qll(m4/C2) 

Silica  +12.8 

Barium  Titanate  +0. 1 1 

Lead  Magnesium  Niobate  +0.009 


Misconception  #5  Materials  with  large  electrostrictive  coefficients  produce  the 
biggest  strains. 


The  Q  coefHcients  are  largest  for  non-ferroelectrics  but  relaxor 
ferroelectrics  like  PMN  have  the  largest  strains.  The  following  table  lists  typical 
values  of  the  electrostriction  coefficients  Q,  the  dielectric  constant  K,  and 

electrostrictive  strain  e  computed  for  a  field  of  1  MV/m. 


Q 

JL 

£ 

non-feiroelectric 

~10 

-10 

-10-7 

nonnal  ferroelectric 

~10** 

-103 

-10-5 

relaxor  ferroelectric 

-10-2 

-i(y» 

-1(H 
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Note  that  the  product  QK-100  m^/C?  is  approximately  a  constant  for  all 
three  classes.  To  see  why  this  is  so,  consider  the  following  argument  based  on 
the  atomistic  models  in  Fig  1. 


Under  the  action  of  an  applied  electric  field,  the  cations  and  anions  in  a 
crystal  structure  are  displaced  in  opposite  directions  by  an  amount  Ar.  It  is  this 
displacement  which  is  responsible  for  electric  polarization  (P),  the  dielectric 


constant  K,  and  the  electrostrictive  strain  e.  To  a  first  approximation,  all  three  are 
proportional  to  Ar.  The  electrostriction  coefficient  O  is  therefore  proportional  to 
1/K: 


Q  = 


(Ar) 

(Ar)^ 


Ar 


K 


This  means  then,  that  QK  is  approximately  constant,  as  indicated  earlier. 
Materials  with  high  permittivity  have  small  electrostriction  coefficients  but  large 
electrostrictive  strain. 


Misconception  #6.  Unlike  piezoelectricity  there  is  no  converse  electrostriction 
effect. 


In  the  direct  piezoelectric  effect  an  applied  mechanical  stress  ay  produces 
an  electric  polarization  Pi  =  dyk  Oki.  The  converse  effect  relates  mechanical 

strain  to  applied  electric  field,  ey  =  dijk  Ek.  The  piezoelectric  coefficients  dijk  are 
identical  in  the  direct  and  converse  effect  because  both  originate  from  the  same 
term  in  the  fill  energy  function: 

F  =  . . . ,  +  dijk  P|  Ojk  . 

Electrostriction  and  its  converse  effects  arise  from  the  free  energy  term 
F  = - +  Qijki  Pi  Pj  Oki  + - 

Taking  the  partial  derivatives  in  different  order  leads  to  three  equivalent 
effects.  The  first  is  the  normal  electrostriction  effect,  the  variation  of  strain  with 
polarization: 

The  second  is  the  stress  dependence  of  the  dielectric  stiffness  Pij,  better  known  as 
the  reciprocal  electric  susceptibility: 
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The  third  effect  is  the  polarization  dependence  of  the  piezoelectric  voltage 
coefficient  gju: 


Thus  there  are  two  converse  effects  for  electrostriction,  and  there  are  three  ways 
of  evaluating  die  electrostrictive  coefficients. 

The  three  effects  are  used  in  three  different  applications:  (1)  the 
electrostrictive  micropositioner,  (2)  a  capacitive  stress  gauge,  and  (3)  a  field- 
tunable  piezoelectric  transducer. 


Misconception  #7  Thermal  expansion  effects  make  electrostrictive 
micropositoners  and  stress  gauges  impractical. 


This  is  true  for  normal  oxide  insulators  but  not  for  relaxor  fenoelectrics. 
For  a  normal  oxide  such  as  silica,  the  electrostrictive  coefficient  Q-lOm^/C^,  the 
dielectric  constant  K~10,  and  the  thermal  expansion  coefficient  a~10*5K**.  For 
such  a  material  the  strain  produced  by  an  electric  field  of  1  MV/m  is  about  10*'^. 
which  is  equivalent  to  a  temperature  change  of  only  10*2  degrees.  This  would 
pose  severe  problems  in  an  actuator  or  micropositioner,  but  the  situation  is  quite 
different  for  a  ferroelectric. 

For  PMN,  Q  ~  10*2,  K  ~  10^  and  a  ~  lO'^K*!.  Therefore  the 
electrostrictive  strain  for  a  field  of  1  MN/m  is  about  10*3  which  is  equivalent  to  a 
temperature  rise  of  1000®!  Relaxor  ferroelectrics  sometimes  have  an  abnormally 
low  thermal  expansion  coefficient  near  the  diffuse  phase  transformation  where  the 
dielectric  constant  and  the  electrostrictive  strain  are  unusually  large. 
Micropositioners  made  from  ferroelectric  ceramics  are  not  troubled  by  small 
variations  in  temperature. 

ORIGINS  OF  NONLINEARITY 

What  do  nonlinear  materials  have  in  common?  The  passively-smart  PTC 
thermistor  and  ZnO  varistor  have  grain  boundaries  a  few  nm  thick,  insulating 
barriers  that  can  be  obliterated  by  the  polarization  charge  accompanying  a 
ferroelectric  phase  transformation,  or,  in  the  case  of  the  varistor,  insulating 
boundaries  so  thin  they  can  be  penetrated  by  quantum  mechanical  tunneling. 


Small  size  is  also  key  factor  in  the  nonlinear  behavior  of  semiconductors. 
The  thin  gate  region  in  a  transistor  allows  charge  carriers  to  diffuse  through 
unimpeded.  The  p-region  in  an  n-p-n  transistor  is  thin  compared  to  the  diffusion 
length  in  single  crystal  silicon.  Similar  size-related  phenomena  are  observed  in 
quantum  well  structures  made  from  GaAs  and  Gai.xAlxAs.  Planar  structures 
with  nm-thick  layers  show  channeling  behavior  of  hot  electrons  in  clear  violation 
of  Ohm's  law.  Current  -  voltage  relationships  are  highly  nonlinear  in  many 
submicron  semiconductor  structures.  Ohm's  law  is  a  statistical  law  which  relies 
upon  the  assumption  that  the  charge  carriers  make  a  sufficiently  large  number  of 
collisions  to  enable  them  to  reach  a  terminal  velocity  characteristic  of  the  material. 
When  the  size  of  the  conduction  is  sufficiently  small,  compared  to  the  mean  free 
path  between  collisions,  the  statistical  assumption  Ireaks  down,  and  Ohm's  law 
is  violated. 

Nonlinear  behavior  is  also  observed  in  thin  film  insulators  where  even  a 
modest  voltage  of  1-10  volts  can  result  in  huge  electric  fields  of  100  MV/m  or 
more.  This  means  that  thin  film  dielectrics  experience  a  far  larger  field  than  do 
normal  insulators,  and  causing  the  polarization  to  saturate  and  electric  permitivity 
to  decline.  Because  of  the  high  frelds,  electric  breakdown  becomes  a  greater 
hazard,  but  this  is  partly  counteracted  by  an  increase  in  breakdown  strengtii  with 
decreasing  thickness.  This  comes  about  because  the  electrode  equipotential 
surfaces  on  a  thin  film  dielectric  are  extremely  close  together,  thereby  eliminating 
the  asperities  that  lead  to  field  concentration  and  breakdown. 

The  influence  of  nanometer-scale  domains  on  the  properties  of  relaxor 
ferroelectrics  has  already  been  made  plain.  Here  the  critical  size  parameter  is  the 
size  of  the  polarization  fluctuations  arising  from  thermal  motions  near  the  brood 
ferroelectric  phase  transformation  in  PMN  and  similar  oxides.  The  ordering  of 
Mg  and  Nb  ions  in  the  octahedral  site  of  the  PMN  structure  results  in  a  chemical 
inhomogeneous  structure  on  a  nm-scale,  and  this,  in  turn,  influences  the  size  of 
the  polarization  fluctuations.  Tightly  coupled  dipole  ^  within  each  Nb-rich  portion 
of  this  self-assembling  nanocomposite  behave  like  a  superparaelectric  solid.  The 
dipoles  are  strongly  coupled  to  one  another  but  not  to  the  crystal  lattice,  and  thus 
they  reorient  together  under  the  influence  of  temperature  or  electric  field,  this  in 
turn  causes  the  large  electric  permittivities  and  large  electrostrictive  effects  found 
in  relaxor  ferroelectrics. 

The  importance  of  nanometer-scale  fluctuations  and  the  instabilities 
associated  with  phase  transformations  is  also  apparent  in  the  nonlinear  elasticity 
of  rubber  and  other  polymeric  materials.  The  thermally-assisted  movement  of  the 
randomly  oriented  polymer  chains  under  tensional  stress  results  in  large 
compliance  coefficients,  but  rubber  gradually  stiffens  as  the  chains  align  with  the 
stress  into  pseudo-crystalline  regions.  The  increase  in  stiffness  with  stress  gives 
rise  to  sizeable  third  order  elastic  constants  in  many  amorphous  polymers.  The 
effect  depends  markedly  on  temperature.  On  cooling,  to  lower  temperatures 
rubber  and  other  amorphous  polymers  transform  from  a  compliant  rubber-like 
material  to  a  brittle  glass-like  phase  which  is  of  little  use  in  nonlinear  devices. 
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Nonlinear  behavior  is  also  observed  in  magnetic  and  optical  systems. 
Superparamagnetic  behavior,  analogous  to  the  sunerparaelectric  behavior  of 
relaxor  feiroelectrics,  is  found  in  spin  glasses,  flne  powder  magnets,  and 
magnetic  cluster  materials.  As  in  PMN,  the  magnetic  dipoles  are  strongly  coupled 
to  one  another  in  nanometer-size  complexes,  but  are  not  strongly  coupled  to  the 
lattice.  Superparamagnetic  solids  display  nonlinear  magnetic  susceptibilities  and 
unusual  effects  in  which  Young's  modulus  E  can  be  controlled  by  magnetic 
Held.  The  effect  is  especially  large  in  metallic  glasses  made  from  Fe-Si-B-C 
alloys.  The  cluster  size  in  spin  glasses  is  in  the  nanometer  range  like  those  in 
PMN. 


Lead  lanthanum  zirconate  titanate  (PLZT)  perovskites  can  be  prepared  as 
transparent  ceramics  for  electrooptic  mc^ulators.  Quadratic  nonlinear  optic 
behavior  are  observed  in  pseudocubic  regions  of  the  phase  diagram  which  show 
relaxor-like  properties. 

In  summary,  the  nonlinear  properties  of  electroceramics  are  often 
associated  with  nanometer-scale  structure  and  diffuse  phase  transformations. 
Under  these  circumstances  the  structure  is  poised  t  n  the  verge  of  an  instability 
and  responds  readily  to  external  influences  such  as  electric  or  magnetic  fields,  or 
mechanical  stress. 

The  ready  response  of  nonlinear  ceramics  allows  the  properties  to  be 
tuned  in  space  or  time  to  optimize  the  behavior  of  the  sensor-actuator  systems 
referred  to  by  some  as  "very  smart  ceramics.” 
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DISCUSSION 


P.  Davies:  Concerning  the  relaxor  ferroelectric  with  cation  ordering  in  the  nanodomains, 
the  charge  imbalance  between  the  ordered  and  disordered  regions  bothers  me  a  little  bit. 
Are  we  sure  there  are  no  oxygen  deficiencies  in  these  domains?  Why  are  the  ordered 
domains  stable? 

R.  Newnham:  Well,  that’s  a  good  question.  If  you  examine  various  ordered 
configurations,  say  by  model-building,  you  find  the  one-to-one  pattern  goes  together  very 
nicely  because  there  are  six  unit  cells  around  each  perovskite  unit  cell,  making  it  easy  to 
pair  things  off.  If  you  try,  two-to-one  ordering  corresponding  to  the  overall  composition, 
you  find  it  is  necessary  to  position  niobium  ions  in  neighboring  octahedral  sites.  This 
violates  Paulings  electrostatic  valence  rule  and  leads  to  charge  imbalance  on  the  atomic 
scale. 

What  I'm  pointing  out  is  that  if  you  look  at  other  possible  ordering  schemes  there  are 
problems  with  them,  too,  so  it  comes  down  to  which  is  least  unfavorable. 

P.  Davies:  Are  we  sure  there  are  no  oxygen  deficiencies  in  the  domains? 

R.  Newnham:  Well,  I’ll  let  Prof.  Smyth  comment  on  that,  but  I  can  tell  you  that  these 
relaxors  are  excellent  insulators  which  will  withstand  very  high  voltages,  and  I  think  if 
there  were  a  lot  of  oxygen  vacancies  which  were  present  we  would  be  seeing  conduction 
and  degradation  phenomena  which  are  not  observed. 

D.  Smyth:  Well,  that’s  a  question  of  continuity.  You  might  have  some  motion  within 
the  domain,  but  whether  it  would  transport  throughout  the  entire  system,  I  don’t  know. 
I  don’t  think  we  have  any  direct  evidence  on  that  because  it  is  difficult  to  probe  these 
very  small  areas. 

D.  Kolar:  What  is  the  effect  of  grain  size? 

R.  Newnham:  The  samples  we  have  prepared  have  normal  grain  sizes  on  the  micron 
scale.  There  have  been  studies  of  small  grain  sizes  in  ferroelectric  ceramics  and  studies 
of  nanocomposite  materials  showing  transitions  from  the  multidomain  regime,  to  single 
domain,  and  to  the  superparaelectric  regime.  You  have  to  ask  in  what  temperature  range 
and  in  which  size  regime  are  you  operating.  In  the  high  temperature  regime,  the 
electrostrictive  material  behaves  like  a  normal  paraelectric,  then  on  cooling,  there  is  a 
broad  diffuse  phase  region  with  relaxor  phenomena,  and  then  at  low  temperatures  it  is  a 
normal  ferroelectric  with  normal  domain  structure.  Then  PMN  behaves  pretty  much  like 
other  ferroelectrics,  but  it  is  this  broad  diffuse  range  which  comes  about  because  of 
nanometer  scale  structure,  and  which  we  think  is  analogous  to  similar  phenomena 
observed  when  ferroelectrics  are  prepared  in  very  small  particle  sizes.  This  is  what  is 
often  called  superparaelectricity  with  very  large  dielectric  constants  and  very  large 
electrostrictive  effects. 
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ABSTRACT 


The  piezoelectric  and  electrostrictive  effects  in  ferroelectric  ceramics  are  reviewed  with  an 
emphasis  on  those  properties  that  are  relevant  for  applications  in  actuators.  Various 
contributions  to  the  piezoelectric  effect  in  ferroelectric  ceramics,  especially  lead  zirconate 
titanate  ceramics,  are  discussed  in  some  detail.  Relaxor  ferroelectrics  such  as  lead  magnesium 
niobate  are  shown  to  be  a  unique  family  of  materials  with  very  attractive  electrostrictive  effects 
as  well  as  piezoelectric  properties.  Finally,  several  actuator  systems  that  employ  piezoelectric 
end  electrostrictive  ceramics  are  briefly  discussed. 

INTRODUCTION 

Piezoelectric  and  electrostrictive  materials  are  a  natural  choice  for  precision  displacement 
transducers  or  actuators.  They  utilize  the  strain  induced  by  an  electric  field,  an  external 
parameter  which  can  be  easily  controlled.  Achievable  strains  are  on  the  order  of  10^  -lO'^ 
for  realizable  fields  (~10^  V/m).  which  for  samples  with  dimensions  on  the  order  of  1  cm. 
translates  into  10  pm  displacements.  At  the  same  time,  the  expected  accuracy  may  be  as  good 
as  0.01  pm.  This,  together  with  high  speeds  (1  -  10  ps),  low  power  requirements,  relatively 
high  generative  forces  and  possibility  of  miniaturization  makes  electrostrictive  and  piezoelectric 
actuators  far  superior  to  the  conventional  electromagnetic  methods  as  well  as  to  the  newer 
types  of  actuators  that  are  controlled  by  temperature  (shape  memory  effect)  or  magnetic  field 
(magnetostrictive  effect)  (22). 

Formally,  the  relationship  between  the  induced  strain  and  electric  field  is  simple,  even  in 
highly  anisotropic  piezoelectric  and  electrostrictive  materials.  The  coupling  coefficients 
(piezoelectric  and  electrostrictive  coefficients),  however,  depend  on  the  impurities  present  in 
the  material,  on  the  preparation  procedure,  on  the  size  and  frequency  of  applied  electric  and 
mechanical  fields,  on  the  temperature,  and  on  aging  time.  Thus,  a  materials  engineer  has  a 
challenging  task  when  designing  a  material  which  will  deliver  the  reproducible  displacements 
required  by  the  new  generation  of  ultraprecise  actuators.  This  paper  deals  with  some  of  the 
properties  of  piezoelectric  and  electrostrictive  ceramics  that  are  important  in  the  successful 
performance  of  an  actuator  assemblage. 

FUNDAMENTAL  RELATIONS 

Piezoelectric  Effect 

Piezoelectricity  describes  the  first  order  (linear)  coupling  between  dielectric  and  elastic 
phenomena.  For  an  anisotropic,  homogeneous  solid,  under  isothermal  conditions  and 
neglecting  the  magnetic  field  effects,  the  components  of  the  elastic  strain  tensor  x^j  are  given 
by  the  following  relation  (16): 

Xjj  =  •¥  diji^Ei;  +  higher  order  terms  ( 1 ) 

where  and  are  the  components  of  the  stress  tensor  and  the  electric  field  vector, 
respectively.  The  coefficients  are  the  components  of  the  elastic  compliance  tensor 
measured  at  constant  electric  field.  The  components  d^jf^  of  the  piezoelectric  tensor  define  the 
linear  electromechanical  coupling.  In  the  first  approximation,  all  the  higher  order  terms  in  Eq. 
( 1 )  are  considered  to  be  negligible.  If  a  static  electric  field  is  applied  to  a  piezoelectric  material 
that  is  free  to  change  its  shape,  the  total  stress  X  is  zero  and  Eq.  (1)  reduces  to  Xij  =  djji^Ei^. 
The  piezoelectric  term  thus  relates  the  mechanical  strain  developed  in  a  material  as  a 
con.sequence  of  the  electric  field  applied  to  the  material.  For  this  reason  d  is  called  the 
piezoelectric  strain  coefficient  and  the  effect  is  known  as  the  converse  piezoelectric  effect. 
Alternatively,  for  a  linear,  anisotropic,  homogeneous,  polarizable  solid  the  components  of  the 
dielectric  displacement  vector  D,  are  given  by  the  relation: 


-<hjk^ik  +  higher  order  tcnns  (2) 

where  are  the  components  of  the  dielectric  permittivity  tensor  measured  at  constant 
stress.  As  before,  the  higher  order  terms  are  neglected.  If  an  elastic  field  (stress)  is  applied  to 
a  piezoelectric  material  that  is  .short-circuited,  the  total  electric  field  across  the  material  is  zero. 


and  Eq.  (2)  becomes  D,  =  dij^X n.  In  this  case,  the  piezoelectric  term  relates  the  charge 
developed  on  the  material's  surface  upon  application  of  stress.  The  d  coefficient  is  now 
called  the  piezoelectric  charge  coefficient  and  the  corresponding  electromechanical  coupling  is 
known  as  the  direct  piezoelectric  effect.  It  can  be  shown  that  the  components  of  the 
piezoelectric  tensors  for  the  direct  and  converse  effects  are  equivalent.  In  matrix  form  one 
can  write  d convene  -  (^direct)  '•  ^^heie  t  denotes  the  transpose  matrix. 

The  piezoelectric  coupling  between  the  elastic  and  dielectric  parameters  of  a  material  can 
be  readily  introduced  using  the  thermodynamic  approach.  One  can  arbitrarily  choose  a  set  of 
the  independent  variables  in  the  appropriate  thermodynamic  potential  to  derive  the  so-called 
constitutive  piezoelectric  equations.  In  addition  to  Eqs.  (1)  and  (2),  the  other  three  sets  of 
constitutive  equations  are  (3) 


X  =c^x-  (fE 

(3a) 

D  =  ex  + 

(3b) 

X=  c^x-  h‘D 

(4a) 

E  --hx  ■¥ 

(4b) 

x^iPX  -k-gjD 

(5a) 

E  =  -gX  ■¥ 

(5b) 

In  these  equations  the  indices  for  the  tensorial  components  are  dropped  for  simplicity.  The 
piezoelectric  tensors  e,  g  and  h  are  respectively  known  as  the  stress  (or  charge),  voltage  (or 
strain)  and  stress  (or  voltage)  piezoelectric  coefficients,  c  is  the  elastic  stiffness  tensor,  and  the 
superscript  denotes  whether  it  is  measured  at  constant  field  E  or  constant  displacement  D.  sP 
is  the  elastic  compliance  at  constant  electric  displacement.  The  difference  between  the  two 
types  of  coefficients  will  be  discussed  in  a  subsequent  section,  is  the  dielectric  permittivity 
at  constant  strain.  and  /3^  are  the  dielectric  impermittivities  at  constant  strain  and  constant 
stress,  respectively.  Matrices  of  the  dielectric  impermittivity  tensors  are  defined  as  ^  =  (£*)•■ 
and  (£^  )*'.  Relationships  between  the  four  piezoelectric  coefficients  are  as  follows: 


^ijk  -  ~  Sljk^il 

^ijk  ~  ^ilm^^lmjk  ”  il 
8ijk  -  ^Ijk^li  -  ^ilm^jrimjk 
h,jk  =  ^IJk^U  =  SilmC^lmjk 


(6a) 

(6b) 

(6c) 

(6d) 


The  choice  of  which  of  Eqs.  (I)-  (5)  is  to  be  used  in  the  particular  problem  depends  on 
the  ela.stic  and  electric  boundary  conditions.  Furthermore,  the  constitutive  equations  may  be 
derived  for  isothermal  or  adiabatic  conditions.  For  nonpolar  materials,  the  isothermal  and 
adiabatic  coefficients  are  equal.  For  the  polar  materials  (  pyroelectric  and  ferroelectric)  the 
difference  between  the  isothermal  and  adiabatic  coefficients  is  usually  negligible  (3). 


Symmetry  Arguments 

Because  of  the  symmetry  of  the  stress  and  strain  tensors  the  third  rank  tensor  of  the 
piezoelectric  coefficients  (as  well  as  e.g  and  h)  is  also  symmetrical  in  indices  j  and  k.  This 
leaves  only  18  independent  piezoelectric  coefficients.  To  convert  the  tensor  coefficients  to 
matrix  form,  the  pair  of  indices  jk  is  replaced  with  a  single  index  m  =1,2,3  if  j=k  and ;;=  11. 
22.  or  33.  respectively.  If  then  jk  =  23  or  32,  13  or  31  and  12  or  21  is  replaced  with  m  = 
4.5.6.  respectively.  In  matrix  notation  (16).  d,ji^  dTt  written  as  r/y*  =  d,„  when  m  =  1.2.3 
and  d,ji^  =  //2r/„„  when  m  =  4,5.6.  Hence,  the  direct  and  converse  piezoelectric  effects  may  be 
written  in  the  following  matrix  form: 


^i~dimX„  (7a) 

~  (7b) 


where  a  corresponding  reduction  is  made  in  the  subscripts  of  the  components  of  the  stress  and 
•Strain  tensors  (16). 


Neumann's  principle  states  that  the  symmetry  elements  of  a  physical  propeny  of  a  crystal 
must  include  the  symmetry  elements  of  the  point  group  of  the  crystal  (16).  llie  principle  can 
be  extended  to  include  not  only  the  32  crystallographic  point  groups  but  also  the  Curie  point 
groups  which  contain  the  infinite  symmetry  axes  (19).  The  most  important  consequence  of 
Neumann's  principle  is  that  certain  physical  properties  may  be  absent  in  a  material  because  of 
its  symmetry.  Thus,  in  the  eleven  centrosymmetric  point  groups  and  in  point  group  432  all 
the  components  of  the  piezoelectric  tensor  (and  all  odd-rar^  tensors)  are  equal  to  zero.  The 
remaining  20  point  groups  are  potentially  piezoelectric.  Neumann's  principle,  however,  gives 
only  necessary  conditions  for  a  material  to  exhibit  the  piezoelectric  effect.  Whether  a  material 
that  belongs  to  one  of  the  piezoelectric  point  groups  exhibits  measureable  piezoelectricity  has  to 
be  verified  experimentally. 

Of  the  20  piezoelectric  point  groups,  10  are  polar.  These  are  1,  m,  2,  mm2,  3,  3m,  4. 
4mm,  6,  and  6mm.  Crystals  that  belong  to  these  point  groups  possess  spontaneous  electrical 
polarization  and  exhibit  a  pyroelectric  effect.  If  there  is  more  than  one  equilibrium  direction 
along  which  &e  vector  of  the  spontaneous  polarization  may  be  oriented  the  material  is  also 
ferroelectric,  provided  that  switching  between  states  can  be  achieved  by  a  realizable  electric 
field. 

Among  the  polycrystalline  materials  only  ferroelectric  materials  and  polar  glass  ceramics 
show  piezoelectricity.  The  polycrystalline  materials  with  a  random  orientation  of  grains 
belong  to  the  Curie  point  group  o<x»m  which  has  spherical  symmetry  (14).  This  point  group 
has  a  center  of  symmetry  and  all  odd-rank  tensor  properties  of  polycrystalline  materials  with 
random  distribution  of  grains  are  equal  to  zero.  In  ferroelectric  materials,  however,  a  strong 
electric  field  can  permanently  reverse  the  directions  of  the  polarization  vector  within  many  of 
the  domains  inside  each  grain,  leading  to  a  nonzero  macroscopic  polarization.  Polarized  or 
poled  polycrystalline  ferroelectric  materials  possess  ronical  symmetry  oom.  This  symmetry 
has  the  same  nonzero  components  of  the  dielectric,  elastic  and  piezoelectric  tensors  as  the  point 
group  6mm.  Therefore,  poled  ferroelectric  ceramics  exhibit  the  piezoelectric  effect.  The 
polycrystalline  ferroelectric  pitzoelectrics  are  by  far  the  largest  and  the  most  important  group  of 
the  piezoelectric  materials.  Matrices  for  the  elastic  compliance  s,  the  dielectric  permittivity  e, 
and  the  piezoelectric  coefficient  d  are  given  in  Table  1  for  poled  ceramics. 


Table  I .  Matrices  of  the  elastic  compliance  s.  dielectric  permittivity  e  and  piezoelectric 
coefficient  d  for  poled  ceramic. 
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In  the  section  on  piezoelectricity  the  relationships  between  strain  and  electric  field 
(converse  piezoelectricity)  and  between  electric  displacement  and  stress  (direct  piezoelectricity) 
are  developed  assuming  a  linear  dependence  of  strain  on  electric  field  and  electric  displacement 
on  stress.  This  assumption  is  valid  only  if  the  applied  stress  or  electric  field  is  small. 
Otherwise,  higher  order  terms  in  the  expansion  of  the  corresponding  thermodynamic  functions 
must  be  taken  into  account  (16).  Thus,  for  a  nonlinear  solid  one  may  write  the  following 
expression  for  the  total  strain; 

^ij  ~  +  dijkEi^  +  +  higher  order  terns  (8) 

As  before,  the  first  term  in  Eq.  (8)  describes  Hooke's  law.  the  second  term  is  the  converse 
piezoelectric  effect  and  the  third  term  is  called  the  electrostrictive  effect.  The  components  M^uj 
of  the  fourth  rank  tensor  M  are  the  electrostrictive  coefficients  and  the  corresponding  matrix  has 
the  same  nonzero  elements  as  that  of  the  elastic  compliance  (see  Table  1).  For  a  zero  stress  (X 
=  0)  and  neglecting  the  higher  order  terms,  Eq.  (8)  reduces  to  ( 16): 

^ij  -  ^kij^k  +  ^ klij^k^l  =  (^kij  +  ^klij^l)^k  (9) 

Tlie  electrostrictive  effect  can  therefore  be  classified  as  an  electric-field  dependent 
contribution  to  the  linear  piezoelectric  effect.  In  principle,  however,  the  two  effects  are 
.separable  because  the  piezoelectric  effect  is  possible  only  in  noncentrosymmetric  materials. 
Being  described  by  an  even  rank  tensor,  the  electrostrictive  effect  is  not  limited  by  symmetry 
and  is  in  fact  present  in  all  materials,  even  those  that  are  amorphous.  Hence,  the 
electrostrictive  effect  describes  the  nonlinear  (second  order  or  quadratic)  dependence  of  the 
strain  on  the  applied  electric  field. 

If  the  strain  in  Eq.  (8)  is  expressed  in  terms  of  the  components  of  the  polarization  vector 
P,  one  obtains  another  commonly  used  set  of  electrostrictive  coefficients 

^ij  ~  8ljk^ il^k  Qijkl^k^l  ,  ^ ijmn  “  ^ km^ hiQijkl  (10) 

In  addition  to  the  direct  electrostrictive  effect,  the  second  order  coupling  between  stress  and 
polarization  leads  to  a  converse  electrostrictive  effect.  The  direct  and  converse  effects  are 
thermodynamically  equivalent.  However,  in  materials  with  non-zero  spontaneous  polarization 
there  is  an  additional  coupling  term  caused  by  the  dependence  of  the  dielectric  permittivity  on 
the  spontaneous  polarization,  which  in  turn  is  dependent  on  pressure.  For  this  reason  the 
interpretation  of  the  experimentally  determined  values  of  the  electrostrictive  coefficients  in 
ferroelectric  materials  is  not  always  straightforward  (24).  Similarly,  the  equivalence  between 
the  direct  and  converse  piezoelectric  coefficients  as  derived  thermodynamically  breaks  down  in 
materials  with  non-zero  spontaneous  polarization  (12.13).  A  unique  piezoelectric  tensor  can 
.still  be  defined  if  there  is  an  external  surface  charge  compensation  of  the  internal  polarization. 
In  the  absence  of  such  charge  compensation  new  piezoelectric  relations  ought  to  be  used. 

Electromechanical  Coupling  Factors 

The  con.stitutive  piezoelectric  equations  (1  -  5)  show  that  the  elastic  or  dielectric  response 
of  a  piezoelectric  material  depends  not  only  on  its  piezoelectric  propenies  but  also  on  its  elastic 
and  dielectric  parameters.  Therefore,  a  figure  of  merit  of  a  piezoelectric  material  must  include 
its  elastic,  dielectric  and  piezoelectric  coefficients  and  at  the  same  time  should  be  independent  of 
external  forces.  Clearly  such  a  figure  of  merit  or.  as  it  is  most  often  called,  a  coupling  factor, 
is  not  uniquely  defined.  Berlincourt  et  al.  (3)  define  the  piezoelectric  coupling  factor  as  "  the 
ratio  of  the  mutual  elastic  and  dielectric  energy  density  to  the  geometric  mean  of  the  elastic  and 
dielectric  self-energy  density."  For  a  linear  system  the  internal  energy  is  given  by: 

U  =  ll2(x,„X,„  +D,E,)  (11) 


which  together  with  Eq.  (1)  gives 


I 


U  =  112  (X„s„„  +  X„d„i  Ei  +  Eid,„  X„  +  Eie,j  £y ) 

=  (/,+2t/«+C/^  (12) 

where  Ug  is  elastic  contribution  to  the  internal  energy,  Uj  is  dielectric  and  is  the  mutual 
or  coupled  contribution  to  the  internal  energy  U.  According  to  this  definition,  the 
electromechanical  coupling  factor  k  is  given  by  the  absolute  value  of  the  following  expression: 

k=U„/iUgUj)^f^  (13) 

Each  term  in  Eq.  (11)  involves  generally  a  summation  over  six  stress  and  three  electric  field 
components.  Eqs.  (11)  and  (13)  depend  on  the  constitutive  piezoelectric  relationships  used, 
i.e.  they  depend  on  boundary  conditions  of  the  particular  problem. 

Fora  one-dimensional  ceramic  bar  (point  group  oom)  with  electric  field  perpendicular  to 
its  length.  Eq.  (11)  becomes 

U  =  112  (Xih^ii)  +  ^/^J/  + 112  (^33  ^3^)  (14) 

and  the  corresponding  coupling  factor  is 

^31  ~^3l^  (15) 

For  a  ceramic  bar  with  electric  field  along  its  length  the  coupling  factor  is 

^33  -  ^33^  (16) 

Similarly,  coupling  factors  can  be  obtained  for  other  configurations  of  stress  and  electric  field 

or  any  other  set  of  independent  variables  and  for  all  piezoelectric  point  groups. 

As  defined  by  Eq.  (13).  coupling  factors  are.  however,  meaningful  only  in  the  static 
limit.  In  a  dynamic  case,  for  example  near  a  resonant  frequency,  the  coupling  factor  is 
dependent  on  stress  and  strain,  which  show  spatial  variations  (20).  Furthermore,  for  two-  or 
three-dimensional  cases,  the  distribution  of  strains  and  stresses  is  usually  more  complicated, 
and  the  stress  components  in  the  numerator  and  denominator  in  Eq.  (13)  do  not  always  cancel 
even  in  a  static  situation.  Hence,  the  coupling  coefficients  are  dependent  on  external 
variables  and  often  do  not  describe  intrinsic  properties  of  the  material.  Despite  these 
drawbacks,  the  concept  of  electromechanical  coupling  factors  as  defined  by  Berlincourt  is 
very  widely  used. 

The  factor  k-  =d2l(se)  involving  the  piezoelectric,  elastic,  and  dielectric  constants  that  is 
found  in  all  the  coupling  factors  is  a  fundamental  characteristic  of  a  piezoelectric  material  and 
appears  in  many  piezoelectric  relations  independent  of  Eq.  (13).  Thus,  if  a  static  electric  field 
£  is  applied  to  a  clamped  piezoelectric  material  the  strain  x  is  zero  and  Eq.  (1)  gives  =  -dE. 
Replacing  the  stress  X  in  Eq.  (2)  with  X  =  -dEls^,  the  following  expression  for  the  dielectric 
displacement  D  is  obtained: 

D  =  -(fiEls^  +€^E  =  e’((l-d^l(5^€^))E  (17) 

The  dielectric  permittivity  is  called  the  clamped  dielectric  constant. 

Similarly,  under  open-circuit  conditions,  the  dielectric  displacement  D  in  Eq.  (2)  is  zero,  and 
dX  =  erE.  Replacing  the  electric  field  £  in  Eq.  (1)  with  £  =  -dX/e^,  the  strain  x  becomes 

X  =  .v^X  -  d^X!^  =  (18) 

and  the  elastic  compliance  P  =  Pfl-d^Ks^e^ ))  at  constant  (zero)  displacement  D  is  obtained. 
It  follows  that  the  velocity  of  acoustic  waves,  v  =  (ps)'^  where  p  is  density,  in  a  piezoelectric 
material  depends  on  electric  boundary  conditions.  The  velocity  of  elastic  waves  at  constant 
electric  field  £  (short-circuit  condition)  and  constant  electric  displacement  D  (open-circuit 
condition)  arc  thus  related  to  each  other  through  the  electromechanical  coupling  factors.  For 


materials  such  as  PZT  with  electromechanical  coupling  factor  k  close  to  0.7.  the  difference 
between  clamped  and  free  dielectric  constant  or  between  the  short-  and  open-circuit  elastic 
compliances  may  be  as  high  as  50%. 

PIEZOELECTRIC  AND  ELECTROSTRICTIVE  CERAMIC  MATERIALS 

The  only  requirement  for  a  nonconducdve  material  to  exhibit  the  piezoelectric  effect  is  that 
the  material  belongs  to  one  of  the  20  piezoelectric  point  groups.  It  is  not  surprising  then  that 
piezoelectricity  is  often  encountered  in  nature.  It  is  found  in  many  organic  materials,  single 
crystals  and  ceramics,  but  also  in  hybrid  materials  such  as  polymer/ceramic  composites  and 
polar  glass  ceramics.  Clearly  then,  an  answer  to  the  question  of  what  mechanisms  contribute 
to  piezoelectricity  is  not  a  simple  one. 

Contributions  to  the  Piezoelectric  Effect 

Single  Crystal  vs.  Ceramic  Properties.  Ferroelectric  Domains.  The  complexity  of  the 
coupling  between  the  electric  and  elastic  properties  can  be  comprehended  when  ferroelectric 
materials  are  considered.  The  origin  of  the  intrinsic  piezoelectricity  in  most  ferroelectric 
materials  can  be  explained  in  terms  of  the  electrostriction  of  the  paraelectric  phase  using 
thermodynamic  phenomenological  theory  (8).  In  principle  then,  it  is  possible  to  predict  a 
complete  set  of  the  values  of  the  piezoelectric  coefficients  of.  for  example,  single  crystal 
BaTiOj.  knowing  the  corresponding  electrostrictive  coefficients  and  the  value  of  the 
.spontaneous  polarization  at  the  temperature  of  interest. 

In  practice,  however,  ferroelectric  materials  are  usually  used  in  polycrystalline  or  ceramic 
form.  Each  grain  consists  of  domains  which  are  oriented  along  the  directions  dictated  by  the 
symmetry  of  the  parent  phase.  Ferroelectric  domains  form  as  the  ferroelectric  material  is 
cooled  through  its  Curie  temperature.  In  ceramics,  the  individual  grains  tend  to  assume 
anisotropic  shapes  determined  by  the  orientation  of  the  cp'stallographic  axes.  The  shape 
change  of  each  grain  induces  large  stresses  upon  adjacent  grains.  In  order  to  minimize  the  total 
elastic  energy,  a  complex  domain  structure  forms  within  each  grain  adjusting  its  shape  to  the 
immediate  environment.  Thus,  all  the  tensor  properties  of  a  ceramic  material  are  averages  of 
the  corresponding  single  crystal  values  represented  by  the  individual  grains  and  domains  (11). 

The  poling  process  required  to  induce  piezoelectricity  only  panly  aligns  the  polar  vectors 
of  the  domains  and  the  resulting  property  values  are  always  different  than  those  for  the  single 
crystal.  The  averaging  procedure  used  to  calculate  the  components  of  a  tensor  property  of  a 
poled  ferroelectric  ceramic  must  include  not  only  the  degree  of  the  orientation  of  the  domains, 
and  the  structure,  size,  and  shape  of  grains,  but  also  the  boundary  conditions  on  the  grains 
and  domains.  For  coupled  properties  such  as  piezoelectricity  this  means  that  the  elastic  and 
dielectric  boundary  conditions  on  the  grains  and  domains  must  be  known.  Furthermore,  when 
the  re.spon.se  of  a  piezoelectric  ceramic  is  examined  under  weak  alternating  electric  fields  or 
mechanical  stress,  the  domain  walls  will  move  in  a  reversible  fashion.  The  effect  of  the 
domain  wall  dynamics  on  the  dielectric,  elastic  and  piezoelectric  properties  may  be  considerable 
and  must  be  taken  into  account  (2). 


Role  of  Defects.  The  spontaneous  polarization  P,  carried  by  the  domains  interacts  with 
polar  defects  (point  defects)  present  in  the  crystal  structure.  The  defects  may  be  induced  in  the 
material  either  accidentally  during  preparation,  or  may  be  purposely  added  with  the  aim  of 
controlling  the  conductivity  and  the  poling  behavior  of  material.  Defects  also  influence  the 
domain  wall  mobility,  the  diffusion  properties  and  the  sintering  of  the  ceramic.  The  interaction 
of  the  domains  and  defects  leads  to  so  called  "soft"  and  "hard"  piezoelectric  compositions. 
Piezoelectrically  .soft  materials  are  characterized  by  relatively  mobile  domain  walls  and  high 
piezoelectric  constants.  In  the  hard  compositions  the  domain  wall  motion  is  more  inhibited 
resulting  in  lower  piezoelectric  constants  but  a  more  stable  remnant  polarization  (15).  Some 
examples  of  the  mechanisms  which  lead  to  soft  and  hard  compositions  will  be  given  in  the 
section  on  PZT  piezoelectric  ceramics. 


Piezoelectric  Relaxation.  Recently,  there  has  been  an  increasing  evidence  that  the 
piezoelectric  constants  of  ferroelectric  ceramics  exhibit  nonzero  phase  angle,  i.e.  they  may  be 
described  as  complex  quantities.  This  should  be  expected  since  the  piezoelectricity  represents  a 
coupling  between  the  elastic  and  dielectric  properties  of  a  material,  both  of  which  are  known  to 
be  major  sources  of  energy  dissipation.  Although  the  piezoelectric  relaxation  in  ferroelectric 
ceramics  is  not  yet  fully  understood,  it  is  clear  that  it  does  not  originate  from  an  independent 
loss  mechanism  in  the  material  but  is  a  result  of  an  electromechanical  coupling  between  the 
dielectric  and  mechanical  losses  operating  in  the  material.  The  loss  mechanisms  may  lead  to  a 
large  and  unwanted  dependence  of  piezoelectric  coefficients  on  frequency  often  characterized 
as  relaxation-type  behavior  (1). 

Summing  up,  the  piezoelectric  constants  of  a  ferroelectric  ceramic  may  be  written  in  the 
following  form; 


d  =  d[dij(s.c.),  6J  +  LAd’  -  iZd"  +  Eoiher  (19) 

where  dldij(s.c.).  6]  is  a  function  of  intrinsic  single  crystal  piezoelectric  coefficients.  d,j(s.c.). 
and  also  a  function  of  the  degree  of  polarization  of  ceramic,  described  by  an  orientation 
parameter  9.  ZAd'  -  iZd"  describes  the  sum  of  all  relaxation  contributions,  and  Zoiher  is  a 
sum  of  ail  nonrelaxational  extrinsic  contributions  to  the  total  piezoelectric  coefficients  of 
ceramics.  The  various  competing  mechanisms  to  piezoelectricity  in  ferroelectric  ceramics 
are  sometimes  of  comparable  strength  and  may  even  lead  to  a  change  of  sign  of  the 
piezoelectric  constant  with  temperature  or  frequency  (7,10). 


Hysteresis.  The  complex  changes  in  the  configuration  of  domain  walls  in  ferroelectric 
materials  under  an  AC  electric  field  lead  to  the  characteristic  hysteretic  relationships  between 
polarization  and  electric  field  and  between  electric  field  and  strain.  Fig.  1.  Those  domains  that 
do  not  return  to  their  initial  random  configuration  after  the  electric  field  is  removed,  but 
remain  oriented  to  a  certain  degree,  are  responsible  for  the  remnant  (residual)  strain  and 
polarization.  Since  the  remnant  strain  and  polarization  are  functions  of  the  maximum  applied 
field,  it  is  clear  that  there  is  a  range  of  possible  strain  and  polarization  states  for  zero  field.  Fig. 
I  (Refs.  4  and  9). 


Fig.  1 .  (a)  Strain-electric  Held  and  (b)  polarization-electric  field  hysteresis  loops  for  typical 
ceramic  fenoelectrics. 


Aging.  One  of  the  most  complex  propetties  of  the  ferroelectric  ceramics  is  the  time 
dependence  of  their  elastic,  dielectric  and  piezoelectric  coefficients.  This  phenomenon, 
known  as  aging,  follows  the  poling  of  ceramics,  even  in  the  absence  of  external  forces  or 
temperature  changes.  Aging  occurs  in  all  ferroelectric  ceramics  although  its  degree  varies 
greatly  from  one  composition  to  another.  The  effect  is  closely  related  to  the  mobility  of  the 
domain  walls.  An  important  contribution  to  the  aging  is  the  slow  relaxation  of  the  high 
stresses  that  are  introduced  into  ceramic  during  poling  at  elevated  temperatures.  The  poling  is 
accompanied  by  anisotropic  shape  changes  of  the  grains,  which  are  caused  by  the  reorientation 
of  domains  under  the  poling  field.  When  the  external  field  is  removed  and  the  ceramic  is 
cooled  to  room  temperature,  the  domain  configuration  will  tend  to  reach  a  new  equilibrium 
state  relieving  some  of  the  stresses  (11). 

Aging  is  affected  by  the  internal  fields  created  by  defect  dipoles  which,  under  certain 
conditions,  may  stabilize  the  domain  configuration  by  interacting  with  the  spontaneous 
polarization  within  domains.  Thus,  the  aging  in  for  example  PZT  ceramics,  may  be 
controlled  by  doping  the  ceramics  with  suitable  aliovalent  cations  (15).  In  relaxor 
ferroelectrics.  such  as  lead  magnesium  niobate  (PMN),  ageing  seems  to  be  fully  controlled  by 
the  impurities  and  may  be  completely  absent  in  pure,  stochiometric  material  (17). 

Lead  Zirconate  Titanate  (PZT)  Ceramics 

The  phase  diagram  of  the  lead  zirconate  titanate  iPb{Zr,Ti)Oj  or  PZT)  system  is  shown 
in  Fig.  2a.  A  complete  solid  solution  forms  at  high  temperature  with  Zr  and  Ti  randomly 
di.stributed  over  the  octahedral  sites  of  the  cubic  perovskite  structure.  On  cooling,  the  structure 
undergoes  a  di.splacive  phase  transformation  into  a  distorted  perovskite  structure. 
Titanium-rich  compositions  favor  a  tetragonal  modification  with  a  sizeable  elongation  along 
(001 1  and  a  large  spontaneous  polarization  in  the  same  direction.  There  are  six  equivalent  polar 
axes  in  the  tetragonal  state  corresponding  to  the  (1001,  (tOO),  (OlOJ,  [  OTO],  [(X)!]  and  ((X)Tj 
directions  of  the  cubic  paraelectric  state.  A  rhombohedral  ferroelectric  state  is  favored  for 
zirconium-rich  compositions.  Here  the  distortion  and  polarization  are  ajong  (111)  directions, 
giving  rise  to  eight  possible  domain  states:  (111),  (Til),  [iTl],  [lU),  [  111],  [Til],  [llT]  and 
iTiri. 

The  compositions  which  pole  best  lie  near  the  morphotropic  boundary  between  the 
rhombohedral  and  tetragonal  ferroelectric  phases.  For  these  compositions  there  are  fourteen 
possible  poling  directions  over  a  very  wide  temperature  range.  This  explains  why  the 
piezoelectric  coefficients  are  the  largest  near  the  morphotropic  boundary  (Fig.  2b).  Typical 
values  are  r/^  j  »  400,  rf?/  =  -170  and  d/s  ~  500  pC/N.  The  magnitudes  depend  markedly  on 
dopants  and  defect  structure  because  of  their  influence  on  domain  wall  motion. 

Donor  ions  create  Pb  vacancies  in  the  PZT  structure.  As  an  example,  when  Nb-"^  is 
substituted  for  Ti  vacancies  on  the  lead  site  result: 

iPbi.xi2  -y-x^’'y^^x^^3- 

Donor  doping  is  not  effective  in  pinning  domain  walls.  Pinning  is  believed  to  result  from 
the  alignment  of  defect  dipoles  with  the  spontaneous  polarization  within  a  domain.  The  defect 
dipoles  come  from  the  negatively  charged  Pb  vacancies  paired  with  dopant  Nb^*  ions.  Since 
the  defect  dipoles  are  formed  at  high  temperature,  the  dipoles  are  not  aligned  with  P^  initially 
because  the  spontaneous  polarization  is  zero  in  the  cubic  paraelectric  state.  Alignment  can  only 
take  place  below  the  Curie  temperature  (-3.50‘C  for  PZT)  where  diffusion  rates  are  low.  Such 
is  the  case  for  donor-doped  PZT.  a  so-called  "soft"  PZT.  In  a  soft  PZT.  domain  wall  motion 
contributes  to  the  size  of  the  dielectric  and  piezoelectric  coefficients.  Adversely,  however,  soft 
PZT  ceramics  are  easily  depoled  because  the  domain  walls  are  not  pinned. 

Acceptor  doping  with  lower  valent  ions  such  as  K"*"  (for  Pb^*)  or  (for  Ti  ^■*')  is 
employed  to  produce  "hard"  PZT.  Oxygen  vacancies  are  generated  by  acceptor  doping: 

{Pb,.xKx)(Tii.y.x2ry)<03.xJ2i^x/2)- 
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Fig.  2.  (a)  Binary  ^ase  diagram  of  the  lead  zirconate-Utanate  ceramics,  (b)  Large 

piezoelectric  coefficients  are  obtained  for  poled  ceramics  with  compositions  near  the 
motphotropic  phase  boundary. 


Domain  walls  are  pinned  in  hard  P2T  because  the  defect  dipoles  are  able  to  align  in  accordance 
with  the  domain  structure.  Dipoles  consisting  of  oxygen  vacancies  and  associated  dopant  ions 
are  able  to  reorient  more  easily  in  a  hard  PZT.  The  explanation  lies  in  the  ease  with  which 
oxygen  vacancies  diffuse  at  temperature  below  7^ 

Examination  of  the  perovskite  structure  makes  it  clear  why  oxygen  vacancies  diffuse 
faster  than  cation  vacancies.  Cations  are  completely  surrounded  by  oxygens  and  are  separated 
from  the  nearest  cation  site  by  an  entire  unit  cell  (~4  A),  making  diffusion  very  difficult. 
Oxygen  sites,  on  the  other  hand,  are  adjacent  to  one  another,  only  2.8  A  apart.  Hence  oxygens 
can  easily  move  into  nearby  oxygen  vacancies,  realigning  defect  dipoles  and  pinning  domain 
walls. 

Since  their  discovery  in  the  1950s,  PZT  based  ceramics  have  become,  along  with 
quartz,  the  most  widely  studied  and  used  piezoelectric  material.  Because  of  its  high 
piezoelectric  coefficients,  simple  preparation,  ease  of  poling  and  low  cost  the  PZT  family  is 
u.sed  more  than  any  other  piezoelectric  material  for  transducer,  sensor,  and  actuator 
applications.  The  only  exception  is  quartz  which,  owing  to  the  excellent  stability  of  its 
piezoelectric  properties  with  time  and  temperature,  has  not  been  surpassed  by  PZT  in  the  field 
of  frequency  control. 

Electric  Field  Induced  Piezoelectricity  in  Relaxor  Ferroelectrics 

The  relaxor-type  ferroelectrics  are  discussed  in  detail  in  this  section.  For  the  present 
purpose,  it  is  .sufficient  to  say  that  relaxor  ferroelectrics  cannot  be  poled,  even  at  temperatures 
considerably  below  the  so-called  diffuse  phase  transition.  However,  in  this  temperature 
range,  relaxor  materials  show  high  dielectric  constants  and  very  large  electrostrictive  effects. 
FigT  3  (Refs.  5  and  6).  The  piezoelectric  djj  coefficient  is  the  slope  of  strain-electric  field 
curve.  Eq.  (8).  The  nonlinearity  between  strain  and  electric  field  in  a  relaxor  ferroelectric  can 
be  used  to  tune  the  piezoelectric  coefficient.  From  Fig.  3.  the  value  of  djj  for  lead  magnesium 
niobate  {PbiMgn^NbiisiOj  or  PMN)  with  10-mole%  lead  titanate  (PbTiO^  or  FT)  (0.9PMN  ■ 
0.  IPT)  at  room  temperature  is  zero  at  zero  field  and  increases  to  a  maximum  value  of  -1500 
pC/N  (about  three  times  larger  than  PZT)  under  a  bias  field  of  about  3.7  kV/cm.  Recent 
measurements  with  a  laser  interferometer  show  that  transverse  piezoelectric  coefficient  (dj/)  in 
0.9PM N  -  0.  IPT  ceramics  also  exhibits  very  high  values  under  bias  field,  with  a  maximum  of 
about  -  -400  pC/N  at  bias  field  of -3  kV/cm.  Fig.  4  (  Ref.  21). 


Fig.  3.  Electromechanical  coupling  in  electrostrictive  (PMN-PT)  and  piezoelectric  (PZT) 
ceramics. 
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Fig.  4.  Piezoelectric  coefficients  and  dj/  of  0.9PMN-0.1PT  as  a  function  of  DC  electric 
bias  field,  measured  at  500  Hz  using  a  laser  interferometer. 


Electrostrictive  Materials 

The  electrostrictive  effect  is  often  believed  to  be  too  small  for  exploitation  in  devices. 
This  is  indeed  true  for  most  conventional  nonferroelectric  materials  as  well  as  for  many 
ferroelectrics.  The  magnitude  of  the  polarization  related  electrostrictive  coefficients  Q  in 
nonferroelectric  materials  is  on  the  order  of  10  m^/C^and  in  most  "normar*  ferroelectrics  Q~ 
lO'^m'^/C-.  Eq.  (10)  however  indicates  that  the  electrostrictive  strain  x  is  equal  to  , 
where  P  -  is  the  induced  polarization,  k  is  the  dielectric  constant  of  the  material  and  eq 
permittivity  of  free  space.  Thus,  for  a  given  electric  field  E,  the  materials  with  a  very  large 
dielectric  constants  exhibit  large  electrostrictive  strains,  even  though  their  electrostrictive 
coefficients  are  relatively  small.  In  most  nonferroelectric  materials  dielectric  constant  is  about 
10  and  for  a  typical  field,  say  £  =  10^  V/m,  the  achievable  strain  is  only  10"^.  In  normal 
ferroelectric  materials  near  the  ferroelectric  -paraelectric  phase  transition  dielectric  constant  may 
reach  high  values  (10^)  but  the  electrostrictive  strain  (~10'5)  is  still  smaller  than  that  in 
piezoelectric  ceramics. 

Over  the  past  20  years,  however,  the  development  of  high  permittivity  capacitor 
dielectrics  have  led  to  the  discovery  of  many  partially  disordered  structures,  such  as  the  relaxor 
ferroelectrics.  with  extremely  large  dielectric  constants.  The  values  of  electrostrictive 
coefficients  in  relaxor  ferroelectrics  are  relatively  small,  on  the  order  of  lO'^  m'*/C-,  but 
dielectric  constants  on  the  order  of  10^  are  observed  over  a  wide  range  of  temperatures  near 
the  diffuse  phase  transition.  Thus,  electrostrictive  strains  in  a  typical  relaxor  material  are  on  the 
order  of  10*^.  and  are  comparable  in  size  to  those  in  piezoelectric  ceramics. 

Relaxor  Ferroelectrics.  Relaxor  ferroelectrics  are  characterized  by  a  strong  dispersion  of 
the  dielectric  permittivity  with  frequency.  Fig.  S.  and  the  absence  of  macroscopic 
polarizationeven  at  temperatures  much  below  the  temperature  of  the  maximum  dielectric 
con.stant  (5).  This  unusual  dielectric  response  of  relaxor  ferroelectrics  is  explained  by  a 
statistical  inhomogeneity  in  the  distribution  of  the  fiy  and  82  cations  in  the  B  sites  of  the 
A(B  182)0 }  perovskite  structure.  This  chemical  disorder  is  responsible  for  formation  of 
microre'giohs  (microdomains)  within  the  material  which  have  widely  different  Curie 
temperatures.  Relaxor  ferroelectrics  thus  do  not  have  a  well-defined  Curie  temperature  but 
rather  exhibit  a  Curie  range  over  which  the  material  is  a  statistical  mixture  of  paraelectric  and 
ferroelectric  regions.  As  temperature  decreases  from  the  high-temperature  paraelectric  state  the 
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Fig.  5.  Dielectric  constant  of  0.9/*A/N-0.y/T  as  a  function  of  temperature  for  selected 
frequencies. 


microdomains  gradually  coalesce  to  macrodomains  giving  rise  to  a  diffuse  phase 
transformation.  The  polarization  fluctuations  associated  with  the  polar  microregions  are 
dependent  on  the  electric  bias  field  and  measurement  frequency.  The  dielectric  constant  drops 
off  rapidly  with  frequency  (hence  the  name  "relaxor")  because  it  takes  time  for  the  polarization 
fluctuations  to  respond.  DC  bias  fields  favor  coalescence,  having  the  same  effect  as  lowering 
the  temperature.  This  classical  interpretation  of  the  relaxor  behavior  is  not  completely 
successful  in  explaining  all  the  complex  properties  of  relaxor  ferroelectrir';  as  several  recent 
studies  suggest  (5,23).  Relaxor  behavior  is  very  common  among  Pt  uSed  perovskites, 
suggesting  that  Pb*-  and  its  "lone-pair"  electrons  play  a  role  in  the  microdomain  process, 
possibly  by  adjusting  the  orientation  of  the  lone  pair. 

Lead  Magne.sium  Niobate  -  Lead  Titanate  Relaxor  Ferroelectrics.  Lead  magnesium 
niobate  (PhfMgiryNbirJO^  or  PMN)  is  a  typical  relaxor  ferroelectric  and  perhaps  the  most 
.studied.  Its  solid  solution  with  lead  titanate  (PT)  has  a  morphotropic  phase  boundary  near 
35-mole%  PT.  All  compositions  on  the  PMN  rich  side  of  the  morphotropic  phase  boundary 
exhibit  relaxor  behavior.  The  most  recent  studies  of  this  system  suggest  that  the  relaxor 
ferroelectric  is  a  polar-glassy  system,  analogous  to  a  spin-glass  rather  than  being 
"superparaelectric",  as  suggested  in  the  past  (23). 

It  has  been  pointed  out  that  for  temperatures  within  the  Curie  range,  the  relaxor 
ferroelectric  may  be  driven  into  polar  form  by  an  electric  bias  field.  The  induced  piezoelectric 
effect  is  thus  tunable  by  the  bias  field.  On  removal  of  the  field  relaxor  reverts  back  to  a  random 
arrangement  of  microregions  with  no  net  remnant  polarization  or  strain  (6).  The  absence  of 
hysteresis  in  the  field-strain  curve  on  the  high-temperature  side  of  the  Curie  range  is  another 
advantageous  feature  of  relaxor  ferroelectrics. 

PMN-PT  relaxor  ferroelectrics  are  a  unique  family  of  materials  with  a  remarkable  set  of 
properties:  (1)  electrostrictive  strains  are  comparable  to  that  of  the  best  conventional 
piezoelectric  ceramics.  (2)  nonhysteretic  behavior  is  responsible  for  excellent  positional 
reproducibility  (3)  no  poling  is  required,  and  (4)  the  magnitude  of  piezoelectric  coefficients 
may  be  adjusted  by  electric  bias  field,  and  the  maxima  values  of  the  piezoelectric  coefficients 
are  2-3  times  higher  than  those  in  PZT  ceramics. 


PIEZOELECTRIC  AND  ELECTROSTRICTIVE  ACTUATORS 


There  are  presently  more  than  20  practical  devices  that  employ  piezoelectric  and 
electrostrictive  actuators  (22).  and  it  seems  likely  that  the  range  of  applications  for  solid  state 
displacement  transducers  will  continue  to  grow  in  the  future.  Table  2  lists  some  of  the 
applications  of  piezoelectric/electrostrictive  actuators.  Properties  that  are  essential  for  the 
performance  of  one  type  of  actuator,  for  instance  a  linear  response,  are  often  irrelevant  for 
others.  Thus,  each  application  demands  carefully  defmed  figure  of  merit  for  the  actuator 
material. 


Table  2.  Actuator  applications 


Tracking  Optical  and  Magnetic  Heads 
Drivers  for  Relays  and  Switches 
Wire-Dot  Printers  and  Via  Punches 
Fuel  Injection  Valves 
Adaptive  Optic  Systems 

Micropositioners  for  Robots  and  Machine  Tools 

Cone  Vibrators  for  Speakers 

Fans  and  Conical  Air  Movers 

Ink  Jet  Printers _ 


Cla.ssification  of  Electrostrictive  and  Piezoelectric  Actuators 

The  strain  of  a  displacement  transducer  may  be  controlled  by  an  electric  field  in  different 
ways  (17,22),  Fig.  6.  In  the  first  case,  the  strain  of  the  actuator  is  controlled  directly  by 
electric  field,  as  illustrated  in  Fig.  6a.  The  waveform  of  the  electric  field  depends  on  the 
required  waveform  of  the  displacement.  The  displacement  will  follow  the  field  only  with  a 
linear  relationship  between  strain  and  electric  field.  This  type  of  actuator  requires  a  transducer 
material  with  a  reproducible,  nonhysteretic,  field-independent  relationship  between  strain  and 
field.  The  second  type.  Fig.  6b,  of  displacement  transducer  is  used  in  the  situations  in 
which  the  displacement  is  affected  by  an  external  parameter,  such  as  a  mechanical  disturbance 
or  temperature  change.  A  feedback  system  is  then  necessary  to  adjust  the  magnitude  of  the 
electric  bias  field  and  bring  the  displacement  to  the  desired  value.  In  this  type  of  transducer 
nonlinearities  between  strain  and  electric  field  are  tolerable,  but  the  hysteretic  behavior  is  still 
detrimental.  If  the  displacement  drifts  away  from  the  desired  value,  longer  times  and  large 
variations  in  bias  field  are  required  to  bring  the  displacement  back  to  the  desired  value  for  an 
actuator  with  hysteresis. 

In  the  third  type.  Fig.  6c,  strain  is  controlled  by  electric  field  in  an  on/off  manner. 
There  are  two  variations  of  this  type  of  actuators:  in  one,  the  field  induced  displacement 
di.sappears  as  soon  as  the  field  is  switched  off;  in  the  other,  the  induced  strain  may  remain, 
but  its  level  has  to  be  controlled  in  some  other  way  after  the  field  is  removed.  For  an 
actuator  of  this  type  only  the  reproducibility  of  the  maximum  strain  induced  by  the  electric  field 
pulse  is  critical  and  it  is  not  of  a  great  importance  how  the  strain  reaches  its  optimum  value. 
Since  the  pulses  are  usually  very  short,  the  response  of  actuator  must  also  be  very  fast.  The 


Fig.  6.  Classification  of  piezoelectric  and  eleciiostrictive  actuators  according  to  the  modes  of 
driving,  (a)  Strain  is  controlled  directly  by  electric  field,  (b)  Displacement  is 
controlled  by  a  feedback  system  and  electric  bias  field,  (c)  Strain  is  controlled  by 
electric  field  in  an  on/off  manner,  (d)  Resonating  strain  in  ultrasonic  motors. 


driving  mechanism  for  ferroelectric  actuators  that  perform  in  an  on/off  mode  does  not 
necessarily  have  to  involve  a  piezoelectric  or  electrostrictive  effect.  Certain  compositions  in 
the  PbZrOyPbTiOyPbSnOj  tema^  system  undergo  phase  transitions  from  an  antiferroeleciric 
to  a  ferroelectric  phase  under  applied  electric  field  (18).  The  phase  transition  is  accompanied 
by  a  large  volume  change  since  the  antifenroelectric  phase  has  the  smaller  lattice  volume  than 
the  ferroelectric  form.  Associated  strains  are  as  large  as  1%  but  the  electric  fields  required  for 
switching  are  very  high. 

Finally,  in  ultrasonic  motors,  an  alternating  electric  field  is  applied  to  the  actuator  with  a 
frequency  equal  to  the  resonant  frequency  of  the  actuator.  In  this  way,  larger  strains  may  be 
induced  under  relatively  smaller  fields  compared  to  the  other  types  of  actuators.  Since  the 
actuator  operates  at  its  resonant  frequency,  the  material  propenies  of  greatest  importance  are  a 
high  mechanical  quality  factor  and  a  high  electromechanical  coupling  coefficient.  There  are 
several  types  of  ultrasonic  motors.  The  most  widely  studied  type  uses  surface  acoustic  waves 
to  move  an  object  that  is  in  contact  with  the  transducer  surface.  The  surface  acoustic  waves 
are  generated  by  superimposing  two  standing  waves  of  equal  amplitude  but  with  a  phase 
difference  of  90°  with  respect  to  both  time  and  space.  The  waves  are  caused  by  a  combination 
of  longitudinal  and  shear  motions  governed  by  the  stress-free  boundary  conditions  at  the 
surface  (II).  The  particles  at  the  surface  describe  elliptical  motions  with  amplitudes  that 
decrease  with  thickness  and  become  insignificant  below  -  Ijim.  The  horizontal  component  of 
the  elliptical  motion  is  responsible  for  the  force  acting  on  an  object  in  contact  with  the  surface. 

Applications  of  Electrostrictive  and  Piezoelectric  Actuators 

There  are  four  major  groups  of  applications  of  electrostrictive/piezoelectric  actuators. 
These  are  briefly  reviewed  below  (17,22). 

Deformable  Mirrors.  In  the  field  of  adaptive  optics,  a  mirror  surface  is  dynamically 
controlled  using  a  feedback  system  to  adjust  the  phase  of  the  light  wave  and  eliminate 
atmospheric  turbulence,  thermally  induced  stresses  or  gravitational  forces.  Applications  of 
active  optical  systems  include  large  ground-based  and  space  telescopes,  high  energy  lasers, 
laser  communication  systems,  and  highly  sensitive  AC  interferometric  dilatometers.  Typical 
requirements  for  deformable  mirrors  are  a  maximum  throw  of  ±20  p.m,  small  volumes,  long 
term  stability,  good  reprooucibility  and  low  thermal  expansion. 

Mechanical  Micropositioners.  Precision  actuators  are  often  required  to  position 
mechanical  pans  very  accurately  and  reproducibly  on  a  micron  or  even  submicron  level.  The 
displacement  of  the  actuators  used  for  these  purposes  is  usually  controlled  by  a  feedback 
system.  Applications  are  found  in  the  fields  of  optical  microscopy,  cutting-error  corrections, 
micropositioners  for  robots,  and  in  the  tracking  of  optical  and  magnetic  heads.  Excellent 
reproducibility  and  anhysteretic  behavior  of  the  strain-electric  field  relation  are  important 
requirements  for  actuators  used  in  these  applications. 

Impact  Devices.  The  impact  type  actuators  are  driven  in  an  on/off  manner.  They  move 
parts  to  a  desired  position  by  making  an  impact  with  them.  Typical  applications  are  drivers  for 
relays  and  switches,  via  punches,  wire-dot  printers,  and  ink  jet  printers.  Clearly,  such 
actuators  should  have  a  quick  response,  large  electromechanical  coupling  factors  and  large 
generative  forces. 

Ultra.sonic  Motors.  Ultrasonic  motors  are  mainly  at  the  development  stage  (22).  but 
they  have  considerable  potential  because  they  are  compact  and  light  weight,  with  a 
self-locking  mechanism,  relatively  high  torque  at  low  speeds  and  motion  in  both  forward  and 
reverse  directions.  Two  of  the  problems  with  ultrasonic  motors  are  the  maintenance  of 
frictional  forces  between  the  surface  and  the  moving  object  at  the  contact  points,  and  the  need 
for  high  frequency  power  supplies.  A  typical  application  is  the  automatic  focusing  unit  in  a 
movie  camera. 
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APPENDIX  7 


Large  displacement  transducers  based  on  electric  field  forced  phase 
transitions  in  the  tetragonal  (Pbo.,7Lao.o2)(n,Zr,Sn)Oa  family  of  ceramics 

W.  Y.  Pan,  C.  Q.  0am,  Q.  M.  Zhang,  and  L  E.  Crosa 
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Several  properties  associated  with  the  field-induced  phase  change  between  the  antiferroelectric 
and  ferroelectric  states  in  tetragonal  (Pb,,,,  Lao.02  )(Sn,Ti,Zr)03  antiferroelectric  ceramic 
family  were  investigated  for  high-strain  displacement  transducer  applications.  The  longitudinal 
field-induced  strain  accompanying  the  phase  change  is  in  the  range  of  0.2%-0.9%.  The  single¬ 
shot  switching  time  between  the  two  states  is  on  the  order  of  1-2  ^s.  Under  continuous  ac  field 
driving,  the  hysteretic  heating  effect  introduces  a  temperature  rise,  changing  the  original  room- 
temperature  switching  behavior.  The  ceramics  degrade  under  ac  field  excitation,  the  average 
life  cycles  is  in  the  range  of  I0*-10^cycles  which  can  be  greatly  improved  by  carefully  polishing 
the  sample  surfaces. 


I.  INTRODUCTION 

Ceramics  of  lead  zirconate  titanate  stannate  and  further 
modified  forms  have  been  studied  in  the  past  20  years  for 
many  potential  applications  in  energy  conversion.*'^  In  these 
ceramics,  the  free-energy  difference  between  the  antiferroe¬ 
lectric  and  ferroelectric  states  may  be  modified  composition- 
ally  to  such  an  extent  that  a  phase  change  between  the  anti¬ 
ferroelectric  state  and  the  ferroelectric  state  can  be  forced  by 
an  electric  field  or  a  hydrostatic  pressure.  More  specifically, 
a  phase  transition  from  a  stable  antiferroelectric  to  a  ferroe¬ 
lectric  form  can  be  accomplished  by  an  electric  held,  while  a 
phase  change  from  a  ferroelectric  ( or  a  metastable  ferroelec¬ 
tric)  state  to  an  antiferroelectric  state  can  be  accomplished 
by  a  hydrostatic  pressure.  The  pressure  switching  has  been 
extensively  investigated.^  Upon  inversion  into  the  antifer¬ 
roelectric  state,  a  poled  ferroelectric  ceramic  releases  all  po¬ 
larization  charges  and  therefore  can  supply  very  high  instan¬ 
taneous  current.  The  electric  held  forced  phase  transitions 
were  also  studied  for  different  applications.  The  hnt  system¬ 
atic  study  was  done  at  Clevite  laboratories  in  the  1960s  to 
explore  the  use  of  phase  change  compositions  in  capacitive 
energy  storage.  ^  Later  on,  Uchino  and  Nomura*  studied  this 
effect  for  the  shape  memory  application.  Because  of  the  lim¬ 
ited  held-induced  strain  level  (0.1%)  in  normal  piezoelec¬ 
tric  and  electrostrictive  ceramics,’  a  study  was  recently  car¬ 
ried  on  several  compositions  of  modihed  Pb(Ti,Zr,Sn)Oj 
ceramics  for  high-strain  compact  displacement  transducer 
application.*  One  composition  of  the  (Pbo ,71^02) 
(Ti,Zr,Sn)0]  ceramics  showed  a  longitudinal  held-induced 
strain  greater  than  0.3%;  such  a  strain  level  motivated  us  to 
study  more  thoroughly  the  (Pbo^T  Laooi  )(Ti,Zr,Sn)0] 
system.  In  this  paper,  we  report  the  three  properties  which 
are  important  for  displacement  transducer  applications;  the 
held-induced  polarization  and  strain,  the  kinetics  of  the 
phase  change  between  the  antiferroelectric  and  ferroelectric 
states  and  the  ac  held  excitation  degradation  in  this  family  of 
antiferroelectric  ceramics. 


II.  COMPOSITION  SELECTION  AND  SAMPLE 
PREPARATION 

The  phase  diagram  of  the  (Pbo,TLaoo2  )(Sn,Ti,Zr)0, 
system  (Fig.  1 )  was  studied  by  Berlincourt.’  The  ( LT) 
region  is  the  low-temperature  ferroelectric  rhombohedral 
region,  the  A0  region  is  the  antiferroelectric  orthorhomic 
region,  and  the  region  is  the  antiferroelectric  tetragonal 
region.  The  compositions  in  the  Aq  region  are  not  suitable 
for  this  study  because  the  transition  held  from  the  antiferroe¬ 
lectric  state  to  the  ferroelectric  state  is  so  high  that  the  transi¬ 
tion  is  difficult  to  be  accomplished  by  a  realizable  applied 
electric  held.  However,  in  the  antiferroelectric  tetragonal  re¬ 
gion,  the  compositions  are  so  energetically  close  to  those  of 
the  ferroelectric  form  that  the  switching  between  the  antifer¬ 
roelectric  and  ferroelectric  form  can  be  accomplished  by  an 
applied  electric  held.  The  function  of  Sn  is  very  obvious  as 
may  be  observed  from  the  phase  diagram:  As  the  Sn  in¬ 
creases,  the  antiferroelectric  tetragonal  region  expands 
greatly.  The  compositions  chosen  for  this  study  and  their 
locations  in  the  phase  diagram  are  shown  in  Fig.  2.  The 
chemical  compositions  are  listed  in  Table  I  with  their  refer¬ 
ence  numben  of  the  selected  compositions.  The  reference 
numben  of  the  compositions  start  from  4  in  order  to  be  con¬ 
sistent  to  that  of  the  earlier  study.*  These  numbers  will  be 
referred  to  in  the  text  here  on. 

The  above  compositions  were  made  from  reagent  grade 
oxides  using  conventional  solid-state  sintering  technique. 
Calcining  temperatures  were  in  the  range  of  7SO-9(X)  ’C. 
Green  disks  were  cold  pressed  using  small  amounts  of  poly¬ 
vinyl  alcohol  binder  and  fired  in  the  temperature  range  of 
123D-1330  'C  in  an  excess  PbO  atmosphere.  The  density  of 
the  fired  disks  is  in  the  range  of  7.5-8  g/cm’. 

III.  FIELD4NDUCE0  POLARIZATION  AND  STRAIN 
A.  MMMirwiMnt* 

The  samples  for  polarization  and  strain  measurement 
were  cut  into  dimensions  of  0.6  X  0.4  cm  with  thickness 
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piC.  I.  Phase  diagram  of  the  (Pb^^iLaugi  )(Sn,Ti.Zr)0  ,  system. 


ranging  froin  0.15  to  0.3  mm.  The  polarization  was  mea- 
sur^  using  a  modified  Sawyer  and  Tower  circuit.  The  longi¬ 
tudinal  field-induced  strain  was  measured  by  a  laser  interfer¬ 
ometer  which  is  described  in  an  earlier  paper.  ^  The  sample 
was  mounted  in  a  manner  as  shown  in  Fig.  3.  The  laser  beam 
strikes  the  mirror  attached  at  one  end  of  the  rod  of  which 
another  end  is  in  contact  with  the  sample.  If  the  sample 
changes  thickness  due  to  the  field-induced  strain,  the  dis¬ 
placement  can  be  measured  by  measuring  the  displacement 
of  the  front  mirror.  For  such  a  mounting,  the  sample  could 
be  wet  by  silicone  oil  to  prevent  the  surface  breakdown  of  the 
sample.  The  transverse  strain  was  measured  using  the  bond¬ 
ed  strain  gauge  technique.  The  temperature  variation  for  po¬ 
larization  and  tranverse  strain  measurements  were  accom¬ 
plished  by  a  hot  stage  immersed  in  a  liquid-nitrogen 
container  Temperature  was  controlled  by  a  transformer  in 
series  with  a  temperature  controller  ( Model  76K-1  RFL  In¬ 
dustries  Inc.). 

B.  Exparimantal  rvsulta 

/.  ComposiUon  d^p^ndmtct  of  IMtHnducod 
polartiatlon  and  atratn 

The  dielectric  hysteresis  loops  for  different  composi¬ 
tions  are  sketched  in  the  phase  diagram  shown  in  Fig.  2. 
Some  parameters  in  polarization  and  strain  hysteresis  loops 


FIO.  2.  Aniifcnwhctrie  tctrafonal  compoiitioiif  idceMd  for  «udy  imi 
iMr  dMaetric  hysufii  knpt. 


T  ABLE  1.  Chemical  compaMuon*  cad  the  tetcrciicc  aumocn. 


No. 

Compotttioii  j 

4 

(H>B.«Leaoi  )(ZroMTino>Siv,i>  )Oi 

3 

(Ph*«f  L^OI  )0| 

6 

(Fh)«lAooi  )(Zrot*Tig,,Snoi)  )Oj 

7 

(PhovvLlooi  105  SHq  2.15  )Oj 

S 

1*^01  )(Zro4*TloQ,Sllo2T  )03 

9 

(P^.6tL*f»oi  HZfofcaTio  iiSno2s 

10 

M 

12 

(P^6tL*o2  )^Zrii,flTio  loSiio  .10  )Oj 

13 

(Pbo«yLiaoo2  )(Zro57iTioii25SiVj,,2i  >0} 

14 

L*002  nZro55*no  loSHo  15  )0| 

are  marked  in  Fig.  4  and  will  be  referred  to  in  the  text.  The 
is  the  field  required  to  induce  an  antiferroelectric  to 
ferroelectric  phase  transition,  and  Ef.^  represents  the  re-' 
verse  transition  field  below  which  the  metastable  ferroelec¬ 
tric  state  converts  to  the  antiferroelectric  state  again.  In  the 
compositions  studied,  the  induced  polarization  and  strain' 
are  dominated  by  the  phase  transition  between  the  antifer¬ 
roelectric  and  ferroelectric  forms.  Far  above  the  E^.^,  the| 
polarization  induced  due  to  the  permittivity  of  the  ferroelec-| 
trie  phase  and  the  strain  induced  due  to  the  piezoelectric 
effect  of  the  ferroelectric  phase  are  much  less  than  the  polar-, 
ization  and  strain  due  to  the  phase  transition. 

The  room-temperature  switching  data  for  all  the  studied ' 
compositions  are  divided,  according  to  the  locations  in  the 
phase  diagram  and  the  shape  of  the  dielectric  hysteresis  I 
loops,  into  two  groups.  Group  1  is  compositions  which  are^ 
close  to  the  morphotropic  phase  boundary  (MPB)  between 
the  ferroelectric  rhomlwh^ral  and  the  antiferroelectric  te¬ 
tragonal.  These  compositions  have  dielectric  hysteresis  | 
loops  similar  to  those  of  the  ferroelectrics.  The  members  in 
this  group  include  Nos.  5, 6, 7, 9,  and  10.  On  the  other  hand,, 
group  2  compositions  which  are  further  away  from  thej 
(MPB)  shows  classic  double-hysteresis  loops  with  transi¬ 
tion  fields  significantly  higher  than  those  of  the  group  1  com¬ 
positions.  The  members  in  this  group  include  Nos.  4,  g,  1  l.i 
and  14.  The  room-temperature  switching  dau  for  group  1 


FIO.  3.  Schcmatical  drawm|  of  lunple  holder  and  temple  moumini  for 
longiiiidiiial  ttrain  meBMirenent. 
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FIG.  4.  Typical  polarization  and  strain  hystercsit  loops  (composition  No. 

4 )  and  some  illustrated  parameters.  PIq  ^  Polarization  and  strain  hysteresis  loops  at  four  different  tempera. 

turcs  for  composition  No.  4. 


and  group  2  compositions  are  listed  in  Table  II.  It  is  observed 
that  the  field-induced  longitudinal  strain  amounts  to  0.87% 
for  composition  No.  6. 

Figure  S  shows  the  field-induced  strain,  polarization, 
and  transition  field  as  a  function  of  Sn/Zr  ratio  variation  for 
group  1  compositions.  It  may  be  noted  that  as  Sn/Zr  ratio 
decreases,  the  field-induced  strain  increases,  while  the  tran¬ 
sition  field  {E^.p)  decreases.  For  the  compositions  in  group 
Z.  the  field-induced  strains  are  comparable  to  those  of  group 
1  compositions;  however,  the  transition  fields  are  signifi¬ 
cantly  higher.  The  field-induced  strain  for  group  2  composi¬ 
tions  does  not  change  with  Sn/Zr  as  regularly  as  that  for  the 
group  1  compositions,  however,  the  average  strain  level  for 
Zr-rich  compositions  is  larger  than  that  of  the  Sn-rich  com¬ 
positions.  Comparing  the  transition  fields  of  the  group  I  and 
group  2  compositions,  we  also  find  that  the  transition  field 
Ett.F  is  more  sensitive  to  the  Ti  content  change  for  Zr-rich 
compositions  than  for  Sn-rich  compositions.  For  example, 
the  transition  field  E^r  difference  for  Nos.  4  and  7  is  28 
kV/cm  while  for  Nos.  5  and  14  is  only  I  kV/cm. 

2.  Tmmp^nturt  d^pmtditet  of  IMd-Induetd 
polarixadon  and  atra/n 

For  this  family  of  antiferroelectric  ceramics,  the  antifer- 
roelectric  form  is  only  stable  over  a  finite  temperature  range 


Sn/Zr 

FIG.  S.  FMd-indiMud  hmgHiidiiul  ttraia  and  vahw  as  a  Aiactioii 
Sn/ZrmioferinMp  I  campaaMona. 


below  which  the  ferroelectric  form  is  stable  and  above  which 
the  paraelectric  form  is  stable.  The  dielectric  hysteresis  loop 
and  field-induced  strain  for  composition  4  is  shown  in  Fig.  6. 
At  low  temperatures,  the  composition  shows  a  ferroelectnc 
hysteresis  loop  and  small  field-induced  strain.  At  the  higher- 
temperature  range,  the  composition  shows  a  classical  dou¬ 
ble-hysteresis  loop  characteristic  for  antiferroelectrics. 
However,  the  field-induced  strain  is  largest  at  the  tempera¬ 
ture  range  from  —  60  to  —  40  'C  within  which  the  double¬ 
hysteresis  loop  just  begins  to  emerge.  The  temperature  de¬ 
pendence  of  the  field-induced  polarization  and  strain  for 
composition  No.  4  is  shown  in  Fig.  7.  One  feature  of  the 
temperature  dependence  on  the  field-induced  polarization 
and  strain  immediately  comes  to  one’s  attention.  It  may  be 
seen  that  the  field-induced  polarization  is  almost  constant 
with  respect  to  temperature,  while  the  field-induced  strain 
changes  greatly  with  temperature.  The  induced  strain  in¬ 
creases  with  temperature  until  it  reaches  a  maximum  v?lue, 
after  this  point,  the  strain  decreases  with  increasing  tempera¬ 
ture. 


Twiaaratwa  (*e) 


no.  7.  Field  (52  kV/cm) 
induced  ferroelearic  polar¬ 
ization  as  a  function  of  tem¬ 
perature  and  (b)  transition 
teU  Et.r  or  coercive  Held 
Beld  £,  and  Md-induced 
irantvcrae  strain  u  a  func¬ 
tion  of  temperature  for 
composition  No.  4. 
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1  uwiFiwirioM 

r 

(oO'cmM 

(kV/cm) 

(kV/cm) 

ft 

30 

30 

35 

0.18% 

28 

30 

43 

0.45% 

lO 

4 

36 

28 

60 

0.5% 

36 

24 

60 

0.59% 

7 

36 

22 

58 

0.52% 

6  « 
i^,OfO«p2compoMtion$ 

21 

46 

0.87% 

|4 

31 

44 

56 

0.35% 

12 

32 

49 

59 

0.42% 

( 

30.5 

52 

68 

0.37% 

4 

43 

50 

75 

0.55% 

II 

33 

45 

60 

0.45% 

C,  Discussion 

/.  T»mp0ntw9  d0p0nd0ne»  of  flokHndueod 
polartxatfon  mid  strain 

In  order  to  explain  the  temperature  dependence  and  the 
compositional  dependence  of  the  field-induced  strain,  we 
turn  to  the  phenomenological  treatment  which  was  adopted 
by  Uchino,  Cross,  and  Newnham"  to  explain  the  pressure 
dependence  of  antiferroelectric  NmI  temperature.  For  the 
antiferroelectric  compositions  studied  here,  the  temperature 
dependence  of  the  free  energy  with  respect  to  that  of  the 
paraelectric  form  is  shown  schematically  in  Fig.  8. 

When  the  temperature  is  increased,  the  stable  form 
changes  from  the  ferroelectric  form  to  the  antiferroelectric 
form  and  then  to  the  paraelectric  form.  Pervoskite  ferroelec- 
trics  are  derived  from  a  centric  point  group  m3m  which  is 
free  from  piezoelectric  effect.  To  simplify  the  matter,  let  us 
consider  the  spontaneous  polarization  occurring  only  along 
axis  3  under  the  presence  of  hydrostatic  pressure.  The  gen¬ 
eral  expression  for  A(7  is: 


FIG.  S.  Free  eweray  with  respect  to  the  paraeiectrie  stale  for  the  antifenoe- 
lectric  state  and  fcmeisctfie  state  of  the  antiferroelectric  system. 


AG-io(r)(Al}  +Pb]) 

-I-  iiPajPby  -  ^*<7* 

+  C*<T(fl9| +Fbi -|.2nAi,/>ft,).  (1) 

where  At,  and  Pby  denote  the  two-sublattice  polarizations. 
■q  is  the  dielectric  stiffness  constant,  s,,  is  the  hydrosutic 
compressibility,  a  is  the  hydrostatic  pressure,  and  fl  is  a 
scalar  electrostrictive  coefficient  for  the  coupling  between 
the  two  sublattices. 

Introducing  the  transformation  =  (Aij  -i-  Fbjl/vl 
andF^  =  (Po,  —  Pb})/>/2  leads  to  the  following  expression: 

+6P}.Pi) 

+  i^riP*  +P*M  +  \iP\P\  +  \5P\P\ ) 

+  \n(P\-p\) 

+  +  (2) 
The  elastic  equation  of  the  state  follows  as 

^  +  G*  ( 1  +  ft)/*?:  +  C*  ( 1  -  n)P  V 

oo  V 

(3) 

If  the  stress  a  s  0  (  sample  is  undamped),  then  we  have 

Ai>/«»»G*(I -|-G*(1 -n)Pj.  (4) 

In  the  polar  state,  P^  »  0,  then 

iiiu/v)^  =  Q,a  +  a)Py  <5) 

When  n  =  1,  =  2Pf  =  G*/*?iia.  where  is  the 

field  induced  polarization,  the  volume  change  is  the  normal 
electrostrictive  effect  in  ferroelectrics.  In  the  antipolar  state, 
Pf  =»  0,  then 

(Ap/p)^  =C*(1 -ft)/*i.  (6) 

When  the  coupling  between  the  two  sublattices  lowers  the 

free  energy  of  the  system,  ft>  I.  Thus  volume  decreases 
when  the  antipolar  state  is  developed  from  the  paraelectric 
state. 

In  a  low-temperature  range,  a  stable  ferroelectric  form 
persists,  and  the  polarization  reversal  is  the  main  contribu¬ 
tor  to  the  field-induced  polarization.  Therefore,  the  field- 
induced  strain  is  very  small.  In  the  stable  antiferroelectric 
temperature  range,  if  the  piezoelectric  strain  is  neglected,  the 
volume  change  associated  with  the  field-induced  antiferroe- 
lectric-ferroelectric  phase  should  be 

(Ap/p)f  -  (Ap/p)^  *G*(1  +ft)Pj-~G*(l  -ft)Pi. 

(7) 

Since  P\-=sP\,  the  equation  becomes 
(Ap/p)f  -  (Ap/p)^  =  2(?»ftP^  = 

(8) 

where  P,^  is  the  polarization  induced  by  the  electric  field.  It 
is  observed  that  the  volume  change  accompanying  the  field- 
forced  antiferroelectric-ferroelectric  phase  transition  is  pro¬ 
portional  to  the  n  coefficient  The  stronger  the  coupling 
between  the  two  sublattices,  the  larger  the  volume  change. 
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. . .  ^utacicciftc  lempcraiure  range,  the  held'tnduced 

volume  change  should  be  a  pure  hydrostatic  electrostrictive 
effect  as  described  by 

(Aw/t»,«»  (9) 

Comparing  Eqs.  (8)  and  (9),  we  may  observe  that  for  the 
same  polarization  induced,  the  induced  volume  change  is 
greater  if  the  ferroelectric  polarization  is  induced  from  an 
antiferroelectric  state  than  if  it  is  induced  from  a  paraelectric 
state  because  fl>  1.  In  Fig.  7(a),  we  see  that  the  induced 
polarization  is  almost  constant  with  respect  to  temperature, 
but  the  strain  decreases  when  the  temperature  is  above  SO  *C. 
To  explain  this,  we  may  consider  the  temperature  depen¬ 
dence  of  the  n  constant.  Below  7^.4  and  above  the  fl 
constant  should  be  equal  to  one.  In  the  temperature  range 
Tfr.4-T4.f  the  n  constant  should  be  greater  than  one  and 
may  be  assumed  to  vary  with  temperature  with  the  maxi¬ 
mum  occurring  somewhere  between  and  7^.^.  In  Fig.  7 
the  decrease  of  the  strain  with  increasing  temperature  may 
be  the  result  of  the  decrease  of  the  fl  constant. 

2.  ContpotMen  d0p0nd0ne0  of  flold-indueotl 
poiartMOtfon  and  strain 

For  the  composition  dependence  of  the  field-induced 
polarization  and  strain,  two  points  are  worthwhile  to  point 
out:  As  Sn  is  added  to  the  system,  the  tetragonal  region  ex¬ 
pands  to  a  wider  and  wider  Ti  content  range.  Thus,  for  an 
equal  amount  of  Ti  added  to  the  system,  the  change  of  the 
stability  of  the  antiferroelectric  form  is  much  smaller  for  Sn- 
rich  compositions  than  Zr-rich  compositions.  The  addition 
of  the  Sn  to  the  system  is  also  believed  to  decrease  the  fl 
coefficient  of  the  composition.  This  may  explain  the  reduced 
strain  level  for  Sn-rich  compositions.  For  group  1.  it  is  inter¬ 
esting  to  note  that  the  Zr-rich  compositions  not  only  have  a 
larger  strain  level  but  also  a  smaller  E^,f  value.  The  reduced 
E4.F  value  is,  of  course,  because  the  compositions  are  closer 
to  the  MPB.  This  point  can  be  further  supported  by  compar¬ 
ing  the  average  strain  level  and  the  £4.^  value  between  the 
group  1  and  group  2  compositions.  The  value  for  group 

I  compositions  is  significantly  smaller  but  the  strain  level  is 
slightly  larger.  The  advantage  is,  therefore,  doubled.  It  is 
natural  for  one  to  think  that  a  composition  with  a  large  H 
constant  should  be  accompanied  by  a  larger  E^.^  value. 
However,  one  must  remember  that  (I  constant,  an  electro¬ 
mechanical  property,  may  not  have  a  1:1  correlation  to  the 
E4.F  value,  which  is  a  dielectric  parameter. 

IV.  SPEED  OF  THE  nELO-INOUCEO  PHASE  CHANQE 

A.  MMsurmrant 

1.  Forward  switching  spaad 

The  forward  switching  is  referred  to  as  the  switching 
from  a  stable  antiferroelectric  to  a  ferroelectric  state.  The 
switching  current  as  a  function  of  the  switching  time  was 
measured  by  the  square  pulse  technique  adopted  by  Merz  for 
measuring  the  spe^  of  polarization  reversal  in  ferroelectric 
crystals.*  The  rectangulw  pulse  was  generated  by  an  HP  204 
pulse  generator  and  amplilled  by  a  Cober  604A  high-power 
pulse  amplifier.  The  rise  times  for  both  pulse  generators  are 
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shorter  than  20  ns.  The  high-amplitude  pulse  was  then 
plied  to  the  sample  as  the  switching  current  was  picked 
a  small  resistor  in  series  with  the  sample.  The  area 
sample  was  kept  small  enough  so  that  switching  curr^ 
maximum  did  not  exceed  the  current  limit  of  the  high.pQ^ 
pulse  generator.  The  signal  pickup  resistor  was  alsok 
small  enough  to  keep  the  RC  time  constant  of  the  resi^ 
and  sample  capacitor  within  the  rise  time  of  the  pulse.  Xh* 
switching  current  was  measured  using  an  HP  S420 1 A  digim 
oscilloscope  with  “single-shot”  bandwidth  of  SO  MHz.  The 
switching  time  was  recorded  at  the  point  when  the  switching 
current  dropped  to  10%  of  the  maximum  switching  current 

Z  Backward  switching  spaad 

The  backward  switching  is  referred  to  as  the  switching 
from  the  ferroelectric  to  the  antiferroelectric  state  upon  the 
decrease  of  the  applied  electric  field.  The  principle  utilized  in 
the  measurement  is  to  induce  a  ferroelectric  polarization  by 
applying  a  dc  electric  field  above  £4.^,  then  quickly  release 
the  applied  electric  field  and  measure  the  current  due  to  the 
discharge  of  the  ferroelectric  polarization  as  a  function  of 
time.  The  block  diagram  for  the  measuring  system  is  shown 
in  Fig.  9.  The  transistor  used  is  a  SIPMOS  power  field-effect 
transistor  ( FET)  with  a  drain-source  breakdown  voltage  of 
1000  V,  an  “on”  resistance  5  D,  and  a  “  tum-on”  time  of  45 
ns.  The  oscilloscope  used  for  the  measurement  was  a  Nicolet 
204A  digital  oscilloscope  with  a  bandwidth  of  20  MHz  and 
the  pulse  generator  used  was  a  Hewlett  Packard  type  214B 
pulse  generator  with  a  rise  time  of  20  ns.  When  no  voluge  is 
applied  to  the  gate  of  the  FET  and  ground,  the  FET  is  “off" 
and  thus  the  applied  voltage  drops  across  the  sample  to  in¬ 
duce  a  large  fenoelectric  polarization.  When  the  pulse  gen¬ 
erator  is  manually  triggered,  a  square  pulse  is  applied  to  the 
gate-source  junction  to  turn  the  FET  “on”  and  the  field 
across  the  sample  is  reduced  to  nearly  zero.  The  discharge 
then  takes  place  through  the  small  resistor  R3.  Since  R1  is 
very  large,  the  current  flow  to  the  dc  power  supply  could  be 
neglected.  The  purpose  of  putting  the  resistor  R2  in  the  dis¬ 
charging  loop  is  to  damp  the  high-frequency  piezoelectric 
resonance  modes.  The  switching  time  was  also  measured  at 
the  time  when  the  current  dropped  to  10%  of  the  maximum 
switching  current 


HO.  9.  Block  diagram  of  lha  backward  twitcbing  meaaurini  system. 


6016 


Panarat 


6016 


•f]ie  switching  under  continuous  ac  field  driving  is  met* 
by  the  simple  Sawyer  and  Tower  technique;  the  dieiec- 

foBCtion  of  the  driving  frequency. 

g.  gxp«rim«ntal  rMufts  and  diacuMiona 
fonrard  twH^htg 

The  switching  current  as  a  function  of  time  for  composi¬ 
tion  3  under  different  applied  fields  is  shown  in  Fig.  10.  The 
shapes  of  the  switching  current-time  curves  are  similar  to 
those  for  the  polarizarion  reversal  in  ferroelectric  crystals. 

RC  peak  is  followed  by  the  switching  current  maximum. 
The  maximum  switching  current  increases  and  the 
switching  time  t„  decreases  with  increasing  applied  field. 
These  switching  times  are  less  than  1  /is  for  an  applied  field 
level  about  30  kV/cm.  The  switching  time  is  comparable  to 
that  of  the  polarization  reversal  in  a  BaTiOj  sin^e  crystal 
except  that  the  applied  field  level  is  higher.  Figure  11(a) 
shows  1/r,  vs  E  and  ln(  1/f, )  vs  l/£.  and  Fig.  1 1(b)  shows 
/^,  vs  E  and  In  (7^, )  vs  !/£.  The  field  dependence  of  the 
switching  is  not  the  same  as  that  for  the  polarization  reversal 
in  ferroelectric  crystals  which  was  studied  by  Merz.*  For 
polarization  reversal  in  ferroelectric  crysuls,  the  switching 
under  low  applied  field  level  is  controlled  by  the  nucleation 
of  new  domains.  The  switching  time  t,  and  maximum 
switching  current  can  be  expressed  by  the  following 
relations  under  the  low  applied  electric  field 

(10) 

where  a  is  the  so-called  activation  field,  a  measure  of  the  ease 
with  which  new  domains  are  nucleated.  Under  a  high  ap¬ 
plied  field,  the  switching  is  controlled  by  domain  wall  mo¬ 
tion;  the  switching  time  t,  and  maximum  switching  current 

can  be  expressed  by  the  following  relations  under  the 
high  applied  field: 

I„„-KE,  l/r,~££,  (11) 

where  £  is  a  constant  which  is  a  measure  of  the  ease  with 
which  the  domain  walls  move.  When  or  1/r,  is  plotted 
against  £,  an  exponential  relation  holds  in  the  low-field  re¬ 
gion  within  which  the  nucleation  of  new  domains  controls 
the  switching  and  a  linear  relation  holds  in  the  high-field 
region  where  the  domain  wall  motion  controls  the  switching. 


FIG.  .  »trd  iwitching  curmii-time  curve  under  three  different  >p- 
plied  pube  held  for  compoiition  No.  S. 
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FIG.  It.  (a)  I/I,  (forward  switching  speed)  vs£and  (b)  ln(  l/i  I  vs  \/l 
for  composition  No.  S. 


On  the  other  hand,  when  ln(/„.. )  or  ln(l/r,)  is  piotted| 
against  l/£,  a  linear  relation  should  hold  in  the  low-field 
region  where  the  nucleation  of  the  new  domains  controls  the 
switching  but  not  in  the  high-field  region  where  the  domair 
wall  growth  controls  the  switching. 

In  Fig.  11(a)  the  nucleation-controlled  switching  seems, 
to  be  ended  at  about  36  kV/cm  from  either  l/f,-vs-£  or  I„ 
vs-£  plots.  Above  this  field  level,  the  points  seem  to  follow  al 
linear  relation.  However,  this  is  not  true  for  either  ln(  1/r, ) 
vs  l/£  or  ln(/mu )  vs  l/£  because  the  points  for  the  field| 
above  36  kV/cm  still  seem  to  follow  the  linear  relation,  indi¬ 
cating  that  the  nucleation  may  still  control  the  switching.  It 
must  be  remembered  that  the  switching  here  is  different  i 
from  the  polarization  reversal  in  ferroelectric  crystals.  There  I 
is  no  domain  wall  movement  but  there  is  a  phase  boundary 
movement  during  the  switching.  We  were  unable  to  observe . 
the  phase  boundary  movement  controlled  field  range  be¬ 
cause  of  the  voltage  limitation  of  the  pulse  generator  and 
electric  breakdown  problem  of  the  sample.  The  activation 
field  calculated  from  the  slope  of  ln(I/f,)  vs  l/£  is  2(X)| 
kV/cm,  while  that  calculated  from  the  slope  of  In(/„.. )  vs  I 
l/£is  ISO  kV/cm.  Although  this  is  not  a  perfect  agreement, 
we  believe  that  the  activation  field  falls  between  1  SO  and  200 1 
kV/cm.  The  activation  field  for  the  polarization  reversal  in  | 
PLZT  and  PZT  family  of  ferroelectric  ceramics  have  been 
reported  by  Li,  Pan,  and  Cross.'"'"  The  activation  field  for  | 
PLZT  8/6S/33  is  about  3  kV/cm  and  that  for  PZTS  is  about  j 
10  kV/cm.  Therefore,  the  activation  field  here  is  much  high¬ 
er  compared  to  those  observed  for  ferroelectric  ceramics 
which  indicate  that  nucleation  of  a  new  phase  is  more  diffi¬ 
cult  than  the  nucteation  of  new  domains. 
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2.  taekward  9¥rtteMng 

The  backward  switching  current  for  composition  4  un¬ 
der  three  different  applied  dc  poling  field  levels  is  shown  in 
Fig.  i2(a).  It  is  surprising  to  find  that  the  switching  current¬ 
time  curves  are  very  similar  to  that  of  the  forward  switching. 
The  can  also  be  observed.  The  switching  time  as  a  func¬ 

tion  of  the  applied  dc  field  is  shown  in  Fig.  12(b).  The 
switching  time  t,  increases  with  the  applied  dc  field,  then 
reaches  an  almost  constant  value  at  about  70  kV/cm.  When 
the  applied  field  is  below  70  kV/cm,  the  area  under  the 
switching  current-time  curve  (a  measure  of  the  total  in¬ 
duced  charge)  decreases  appreciably  with  decreasing  ap¬ 
plied  field. 

The  initial  increases  and  subsequent  “level  off*'  of  the 
switching  time  with  the  applied  field  may  be  explained  by  the 
sharpness  of  the  forward  transition  field.  The  forward  transi¬ 
tion  field  for  composition  4  is  not  perfectly  defined  and  dis¬ 
tributed  over  a  field  range  as  may  be  seen  from  Fig.  4.  Within 
this  field  range,  the  ferroelectric  polarization  is  not  fully  in¬ 
duced  and  the  ferroelectric  phase  is  not  fully  stabilized.  Ima¬ 
gine  that  the  subility  of  the  ferroelectric  phase  increases 
with  increasing  applied  electric  field  and  thus  the  energy 
barrier  for  the  recovery  of  the  antiferroelectric  phase  in¬ 
creases  with  increasing  applied  field.  As  a  result,  the  switch¬ 
ing  time  increases  with  increasing  applied  electric  field. 
When  the  applied  field  is  high  enough  to  complete  the  anti- 
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FIO.  12.  (a)  Backward  twiiching  cofTcnt  under  diffccam  dc  poKns  fMda 
and  ( b )  backward  iwiiching  time  aa  a  Amcdon  of  dc  poKns  Md  for  compo¬ 
sition  Na  4. 


ferroelectric-to-ferroelectric  phase  transition,  a  further  in¬ 
crease  in  the  applied  field  would  not  increase  the  subility  of 
the  induced  ferroelectric  phase  significantly  and  thus  the 
switching  time  levels  off  with  increasing  applied  field. 

The  backward  switching  time  is  observed  to  depend  on 
the  backward  switching  field  Ep.^.  Figure  13(a)  shows  the 
comparision  of  switching  current-time  curves  for  composi¬ 
tion  4  and  1 1.  The  switching  current  is  divided  by  the  charge 
induced  for  the  purpose  of  comparison.  The  applied  field  is 
7S  kV/cm  for  composition  4  and  67  kV/cm  for  composition 
1 1,  respectively.  The  fields  are  high  enough  to  reach  the  pla¬ 
teau  regions  of  switching  time  versus  applied  field  curves.  It 
can  be  seen  that  the  area  under  the  switching  current-time 
curves  for  the  two  compositions  are  roughly  equal,  but  the 
switching  time  for  composition  1 1  is  significantly  longer.  We 
think  that  the  difference  in  the  switching  time  is  caused 
mainly  by  the  different  backward  switching  field  Ef.^.  In 
Fig.  13(b).  the  switching  time  at  the  plateau  region  is  plotted 
against  the  value  for  different  compositions.  The  ap¬ 
plied  poling  field  and  compositions  for  different  E^.^  values 
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FIO.  13.  (a)  Cbmpariion  oTbaekward  swiichinf  cuireni-time  curve  for 
composilion  Nos.  4  and  1 1.  Composiiian  Na  4  hm  a  backward  switching 
neld£,.r  of  29  kV/cm  and  composition  Na  II  liais£,.rori9kV/cm.  (bi 
The  backsrard  twitching  time  in  the  plateau  region  vs  the  backward  switch¬ 
ing  Held:  three  ddfoicm  backward  twitching  Adds  are  19  kV/cm  of  compo¬ 
sition  No.  II.  24.3kV/em  of  oompoaitian  No.  l2and29kV/cm  of  composi¬ 
tion  No.  4. 
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illustrated  in  die  figure  capdon.  One  qualiutive  nature 
*^^pparent.  the  switching  time  decreases  with  increasing 
g  vdue  of  the  compositions.  It  must  be  mentioned  that 
the  Ef.4  value  of  the  composition  becomes  very  small, 
cbe  switching  current  is  so  spread  out  on  the  time  axis  that 
ilia  switching  time  is  very  difficult  to  be  ascertained  by  the 
present  technique.  So.  the  data  for  low  Ef.^  compositions 
were  not  plotted. 

X  undmraelimki 

The  switching  times  presented  above  are  obtained  from 
a  “single  shot.”  i.e.,  the  transition  from  the  ferroelectric 
phase  to  antiferroelectric  phase  occurred  just  once  or  vice 
versa.  When  the  sample  is  driven  continuously  by  an  ac  field, 
the  heat  generated  from  the  P-E  hysteresis  may  modify  the 
original  switching  behavior.  Figure  14  shows  the  P-E  hyster¬ 
esis  loops  for  composition  4  and  6.  For  both  compositions, 
the  forward  switching  field  increases  slightly  with  the  driv¬ 
ing  frequency,  while  the  backward  switching  field  increases 
signilicandy  with  increasing  driving  frequency  above  10  Hz. 
For  the  hysteresis  loops  at  300  Hz.  the  E^.^  values  are  in¬ 
creased  greatly  and  the  ferroelectric  polarization  values  de¬ 
creased  appreciably  with  respect  to  those  of  the  low-frequen¬ 
cy  values.  Clearly,  these  phenomena  cannot  be  explained  by 
the  kinetics  of  the  phase  switching  because  the  switching 
time  from  “single  shot"  measurements  is  of  the  order  of  mi¬ 
croseconds.  It  is  observed  from  the  temperature  dependence 
of  the  ferroelectric  polarization  ( Fig.  7)  that  the  behavior  of 
the  phase  transition  differs  with  temperature.  Because  the 
hysteresis  heating  effect  increases  with  increasing  driving 
frequency,  the  effect  of  high  driving  frequency  at  room  tern- 


loops  of  composiikm  Nos.  s 
•nd  6  u  a  function  of  fre- 


perature  is  similar  to  the  effect  of  low  driving  irequM^^r 
higher  temperatures.  Thus,  the  dielectric  hystersis  loops  at 
high  driving  frequencies  are  not  room-temperature  dielec¬ 
tric  hysteresis  loops.  The  variation  of  the  dielectric  hystere¬ 
sis  loop  with  temperature  is  most  pronounced  near  the  anti- 
ferroelectric-to-ferroelectric  phase  transition  temperature. 
From  Fig.  2  it  may  be  seen  that  composition  6  is  closer  to  the 
MPB  than  composition  4,  therefore,  its  antiferroelectric-to- 
ferroelectric  phase  transition  temperature  should  be  closer 
to  room  temperature  than  that  of  composition  4.  This  is  why 
the  change  of  P-E  loop  is  more  pronounced  for  composition 
6  than  for  composition  4.  The  shape  of  the  hysteresis  loop  for 
composition  6  and  some  of  the  other  MPB  compositions  de¬ 
pends  critically  on  the  heat  transport  condition.  When  the 
sample  is  in  contact  with  a  large  heat  sink,  the  sample  re¬ 
mains  cold,  and  the  hysteresis  loop  shows  the  low-tempera¬ 
ture  form.  When  the  electric  connection  is  accomplished  by 
two  thin  wires  and  is  thermally  isolated,  the  hysteresis  loop 
shows  the  high-temperature  form. 

V.  FIELD  EXCITATION  DEGRADATION  EFFECT 

A.  MMMjromont 

The  ac  field  excitation  induced  degradation  is  evaluated 
by  measuring  the  ac  field-induced  ferroelectric  polarization 
as  a  function  of  switching  cycles.  The  ferroelectric  polariza¬ 
tion  was  measured  using  the  Sawyer  and  Tower  technique. 
The  P'E  hysteresis  loops  were  recorded  using  a  x-y  digital 
oscilloscope  at  different  switching  cycles.  The  driving  fre¬ 
quency  of  the  ac  field  was  kept  at  60  Hz.  The  applied  electric 
field  varies  with  composition  to  accommodate  the  differ¬ 
ences  of  the  transition  field  of  each  composition.  The  fields 
applied  to  the  samples  were  approximately  25%  above  the 
E^.f  transition  fields  of  the  compositions. 

B.  Exporimuntal  ruaultt 

1.  Efftet  of  $amph  surfaem 

To  test  the  effect  of  sample  surface  on  the  degradation 
behavior  of  the  ceramic  composition,  we  kept  the  applied 
electric  field  level  and  the  driving  frequency  of  the  applied 
field  constant  for  each  composition.  The  rough  surfaces  were 
prepared  by  grinding  with  400  grit  sand  paper  and  the 
smooth  surfaces  were  prepared  by  polishing  with  1  /urn  dia¬ 
mond  paste. 

Figure  13  shows  the  comparison  of  normalized  field- 
induced  ferroelectric  polarization  as  a  function  of  driving 
cycles  for  composition  3  and  6.  The  difference  between  the 
rough  surfaces  and  polished  surfaces  is  astonishing.  Further¬ 
more,  the  difference  for  composition  6  is  even  larger.  The 
degree  of  the  smoothness  that  can  be  accomplished  depends 
on  the  density  of  the  composition.  The  sample  surfaces  of 
composition  6  are  smoother  than  those  of  composition  3  be¬ 
cause  the  density  of  composition  6  is  8  g/cm^  and  that  of  the 
composition  S  is  7.6  g/cm^ 

Z  Effoetofohetrodoo 

The  equal  potential  surfaces  were  accomplished  by  ap¬ 
plying  different  metal  electrodes  to  the  m^r  surfaces  of  the 
samples.  The  gold  electrode  was  applied  by  sputtering,  the 
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FIO.  15  NormtliiedfteW-induced fenroeleciric poUriMiionw •  function 

ofdriving  cycles  for  (a)  composition  No.  5  and  (b)  composition  No.  6:  the 
polished  sample  surfaces  and  ground  sample  surfaces  are  as  illustrated. 


indium  electrode  was  coated  by  evaporation  under  con¬ 
trolled  filament  current  condition  and  silver  electrodes  were 
applied  by  brushing  air-dry  silver  paste  on  to  the  samples. 

Figure  16  shows  a  comparison  of  degradation  effect  of 
the  composition  5  with  different  metal  electrodes.  Surpris¬ 
ingly.  the  degradation  behavior  are  very  similar. 

J.  Of  eompetMorm 

The  degradation  behavior  of  different  compositions  was 
tested.  The  samples  for  this  comparison  were  all  polished 
although  the  surfaces  were  not  dl  at  the  same  degree  of 
smoothness  because  of  the  density  difference  among  the 
compositions. 

Figure  17  shows  the  maximum  field-induced  ferroelec¬ 
tric  polarization  as  a  function  of  the  driving  cycles  for  group 
1  and  group  2  ceramic  compositions.  It  is  very  difficult  to 
correlate  the  degradation  systematically  to  the  variation  of 
composition,  but  we  can  see  in  general  that  group  I  has  a 
lower  degradation  rate.  The  average  reduction  of  the  nor¬ 
malized  ferroelectric  polarization  for  group  2  composition  is 


FIG.  16.  Nonnalized  field-induced  polarization  vs  driving  cycles  of  compo. 

sition  No.  S  for  diffetenl  metal  electrodes. 
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cles  for  I  a)  group  I  and  (b)  group  2  compoaitiont;  the  compositions  are  as 
illustrated. 
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38%  at  10’ cycles,  while  group  1  has  an  average  of  21%.  For 
group  I.  composition  10  and  7  have  a  larger  degradation  rate 
than  the  rest  of  the  compositions  and  for  group  2  composi¬ 
tions;  No.  1 1  clearly  has  the  largest  degradation  rate. 

C.  Discussion 

The  degradation  effect  of  the  composition  appears  to 
depend  on  the  distance  of  the  composition  away  from  the 
MPB.  Group  2  compositions,  on  the  average,  are  further 
away  from  the  MPB  than  group  1  compositions,  and  accord¬ 
ingly,  the  average  degradation  rate  for  group  1  compositions 
is  less  than  that  for  group  2  composition.  The  degradation 
rate  seems  also  to  depend  on  the  Sn/Zr  ratio.  From  Fig.  2. 
composition  S  is  farthest  away  from  the  phase  boundary, 
however,  this  composition  is  richest  in  Sn,  the  degradation 
rate  is  smaller  than  most  of  the  composition  in  group  1.  In 
group  2,  composition  1 1  is  closest  to  the  phase  boundary 
among  the  group  members.  However,  this  composition  is 
richest  in  Zr.  and  the  degradation  rate  is  thus  most  severe.  It 
may  be  said  that  the  degradation  effect  depends  on  the  easi¬ 
ness  of  the  antiferroelectric-ferroelectric  phase  transition. 
Close  to  the  phase  boundary,  the  energy  difference  between 
the  antiferroelecthc  phase  and  ferroelectric  phase  is  small, 
and  the  degradation  rate  is  less.  However,  this  effect  cannot 
be  compared  simply  by  measuring  the  distances  of  the  com¬ 
positions  away  from  the  morphotropic  phase  boundary.  For 
two  compositions  which  are  the  same  distance  away  from 
the  MPB,  the  Sn-rich  composition  is  easier  to  be  switched 
into  the  ferroelectnc  phase  and  the  degradation  rate  is  corre¬ 
spondingly  less. 

The  surface  finishing  condition  has  a  profound  effect  on 
'he  degradation  rate  of  the  antiferroelectric  ceramics.  This 
result  is  very  different  from  that  reported  by  Fraser  and  Mal¬ 
donado  who  observed  significantly  reduced  ac  field  excita¬ 
tion  degradation  effect  by  using  indium  electrode.'^  The  de¬ 
pendence  of  the  degradation  rate  on  the  surface  finishing 
condition  is  not  clear  at  the  moment.  However,  if  the  fatigue 
is  mechanical  in  origin,  we  speculate  that  the  cracks  may 
initiate  from  the  surfaces  and  propagate  into  the  bulk  under 
ac  field  driving,  resulting  in  the  degradation.  Different  sur¬ 
face  finishing  conditions  yield  different  amount  of  flaws  on 
the  surface  and  might  affect  the  degradation  differently.  On 
the  other  hand,  if  the  fatigue  is  electric  in  origin,  different 


surfaces  can  give  a  different  charge  injection  because  of  the 
electric  field  concimtration  at  the  flaws.  The  injected  charges 
can  then  interact  with  the  polarization  discontinued  region, 
trap  there,  and  stabilize  the  regions.  This  mechanism  can 
also  give  rise  to  the  observed  degradation  effect.  Further 
work  is  carrying  on  to  sort  out  and  verify  the  mechanisms  of 
the  degradation  effect. 

VI.  SUMMARY  AND  CONCLUSION 

The  longitudinal  field-induced  strain  accompanying  the 
phase  change  in  this  family  of  antiferroelectric  ceramics  is  in 
the  range  ofO.2%-0.9%.  The  temperature  and  composition 
dependencies  of  the  field-induced  strain  are  explained  by  the 
temperature  dependence  of  the  sublattice  coupling  related 
electrostrictive  coefficient  ft.  The  Sn/Ti  ratio  dependence  of 
the  strain  level  is  explained  by  the  possible  decrease  of  ft  due 
to  the  addition  of  the  Sn  to  the  system. 

The  single-shot  switching  time  between  the  two  states  is 
on  the  order  of  1-2  fis.  The  kinetics  is  controlled  by  the 
nucleation  of  the  new  phase  under  the  realizable  applied  field 
range.  Under  continuous  ac  field  driving,  the  hysteretic 
heating  effect  introduces  temperature  rise,  changing  the 
original  room-temperature  switching  behavior. 

The  ceramics  degrade  under  ac  field  excitation,  the 
average  life  cycles  is  in  the  range  of  lO^-lO’cycles  which  can 
be  greatly  improved  by  carefully  polishing  the  sample  sur¬ 
faces.  The  compositions  close  to  the  phase  boundary  and 
rich  in  Sn  degrade  more  slowly  than  the  compositions  away 
from  the  phase  boundary  and  rich  in  Zr. 
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COMPOSITE  MATERIALS 


APPENDIX  8 


PIEZOELECTRIC  COMPOSITES  WITH  HIGH  SENSITIVITY  AND 
HIGH  CAPACITANCE  FOR  USE  AT  HIGH  PRESSURES 


Q.C.  Xu,  J.  R.  Belsick,  S.  Yoshikawa  and  R.E.  Newnham 
Materials  Research  Laboratoi^ 

The  Pennsylvania  State  University 
University  Park,  PA  16802,  USA 


Absaact 

A  new  type  of  piezoelectric  composite  has  been  developed  for  oceanographic  applications.  The 
composites  have  a  large  figure  of  merit  (d^-gb  or  d^'g^Aan  5);  a  large  dielectric  constant  (K)  and 

low  dielectric  loss,  as  well  as  great  mechanical  strength.  A  shallow  cavity  between  the  PZT 
ceramics  and  thick  metallic  electrode  is  designed  to  convert  a  pcation  of  the  z-direction  stress  into  a 
large  radial  and  tangential  stress  of  opposite  sign,  thereby  causing  the  d33  and  dst  contributions  to 
db  to  add  rather  than  subtract,  and  raising  the  figure  of  merit  Theoretical  stress  analysis  was 
carried  out  using  an  axisymmetric  finite  element  method.  Experimental  results  show  that  the  d^'gbt 
K  and  withstandable  pressure  are  extremely  high. 

I.  introductipn 

For  many  hydrophone  applications,  there  is  a  great  denuuid  for  piezoelectric  composites  with  a 
high  hydrostatic  piezoelectric  charge  coefficient  (dj,  high  hydrostatic  piezoelectric  voltage 
coefficient  (gj,  and  high  dielectric  constant  (K)  as  well  as  a  high  pressure  tolerance.  In  the  last 
decade,  several  piezoelectric  ceramic-polymer  cooposites  with  different  connectivity  patterns  has 
been  developed  for  hydrophone  and  medical  transducer  applicationsO'*!.  The  advantages  of  these 
composites  over  ceramics  include  higher  figure  of  merit  db^gb  to  enhance  the  sensitivity,  increased 
the  mechanical  conpliance,  smaller  acoustic  ixzpedance  for  matching  to  water  or  tissue,  and  lower 
transverse  electromechanical  coupling  coefficient  to  reduce  cross-talk  noise  and  inprove  directivity 
of  the  transducer  array.  Disadvantages  of  these  ceramic-polymer  cooposite  transducers  however, 
are  lower  dielectric  constant  and  lower  pressure  tolerance  than  their  ceramic  counterparts. 

Flextensional  transducers  composed  ci  a  piezoelectric  ceramic  and  a  shell  structure  exhibit  good 
electroacoustic  performancei^  in  which  the  extensional  vibration  mode  of  a  piezoelectric  ceramic  is 
coupled  to  the  flexural  vibration  noode  of  a  metal  or  polymer  shell.  The  shell  is  used  as  a 
mechanical  transformer  for  tzansfonning  the  high  acoustic  inpedance  (rf  the  ceramic  to  the  low 
acoustic  inpedance  of  the  nuidiiim  and  for  producing  large  volume  velocity.  Or,  vdien  operated  in 
the  reverse  direction,  the  large  velocity  in  the  medium  produces  a  high  stress  in  the  ceramic.  All 
five  types  of  flextensional  transducers  described  in  ref.  S  and  6  are  designed  to  cperate  in  the  low 
frequency  range  below  10  kHz. 

This  paper  describes  a  new  type  of  piezoelectric  ceramic-metal  conposite  based  on  the  principle 


of  a  flextensional  transducer.  The  basic  stzucture  is  described  in  sec.  H  A  computer  analysis  for 
stress  analysis  in  the  composite  was  performed  using  the  Fuiite  Element  Method  (FEM).  The 
stress  contours  are  described  in  sec.  IIL  In  sec.  IV,  the  experimental  results  are  presented  to  show 

that  this  type  of  composite  can  provide  very  high  d^'g^  or  dk-gi/tan  together  with  a  large 

capacitance  and  high  withstanding  pressure. 

n.  Basic  Principle 

As  is  well  known,  PZT  ceramics  have  high  and  d,,,  but  its  (*■  djs  +  2d3i}  value  is  only 
about  43  pON  because  dst  and  d^  have  opposite  signs.  To  enhance  we  have  developed  a  PZT* 
metal  composite  with  very  shallow  cavides  between  the  PZT  ceramic  and  thick  metallic  electrodes 
which  convert  a  portion  of  z-direction  stress  into  a  large  radial  and  tangential  stresses  of  opposite 
signs,  thereby  causing  the  d«  and  dji  contribution  to  to  add  rather  than  to  subtract,  leading  to 
highdk. 

A  cross  section  view  of  the  PZT-metal  composite  is  shown  in  Fig.  1.  The  symmetrical  structure 
is  designed  to  obtain  an  extensional  vibration  mode  of  PZT,  and  high  hydrostatic  pressure 

tolerance.  The  height  of  the  shallow  cavity  h  is  less  that  150  fim.  The  shallow  cavity  allows 

deformation  oi  the  metal  electrode  toward  die  ceramic  disk  by  closing  the  cavity  which  reduces 
stress  amplification  in  the  PZT  and  prevents  breakdown  during  shockwaves  or  very  high 
hydrostatic  pressure.  A  simplified  explanation  is  shown  in  Rg.  1  and  the  following  equations. 
LetT,  be  the  x-direction  stress  in  PZT. 

T.sP.-N^sT, 


Where  P.  is  the  acoustic  pressure  and  N  is  a  stress  amplification  parameter.  N  is  qiimntimately 
equalto  lAanoL  Where  a  is  the  shallow  caviQr  angle  shown  in  Fig.1. 

T,  is  the  z-component  of  stress  in  PZT  and  b  given  by 


Where  S  is  the  surface  are  of  the  disk  and  Sj  is  the  surface  area  of  the  metal-PZT  bond.  The 
resulting  polarization  is  d3iT,-Hi„T,4d33T,S^. 

Therefore, 


This  representation  of  (d||)Mi  is  only  for  explaining  the  basic  principle  for  designing  the 
composite.  In  fact,  the  experimental  result  of  d^  is  much  smaller  than  (dj^,  because  N  is  much 

less  than  1/tan  a  for  the  thick  metal  electrode. 

The  basic  idea  is  to  attempt  to  use  both  the  d^  and  dji  to  obtain  high  d^.  Thick  metal  plates  are 
used  as  a  mechanical  transfoimer  to  transform  the  stress  direction  and  amplitude,  and  also  adjust 
the  acoustic  iiiq)edance  firom  a  low  impedance  in  the  z-direcdon  to  high  impedance  in  planar 
direction. 

The  lowest  vibration  mode  of  the  conqposite  is  a  flextensional  mode  determined  mainly  by  the 
stififoess  of  the  PZT  in  planar  mode  and  the  equivalent  oi  the  metal  plate.  This  equivalent 
mass  is  much  larger  than  the  real  mass  of  the  metal  plate,  because  the  vibration  velocity  at  the 
central  portion  of  the  metal  is  much  larger  dian  the  reference  velocity  on  the  PZT.  The  operating 
frequency  range  of  the  con:q)osite  is  dependent  on  this  flextensional  mode  which  is  related  to  the 
cavity  dianaeter  d,,  the  height  of  the  cavity  h,  the  thickness  of  the  metal  h.  and  the  stiffoess  oi  the 
ceramic  in  planar  mode. 

Since  the  withstanding  hydrostatic  pressure  P.  is  another  important  parameter  for  the 
application,  the  stress  an^lification  coefficient  N  canrxH  be  designed  too  high.  Transducers  with 
large  cavity  dUmeters  ((^  have  low  flextensitxutl  resonant  frequency,  low  P.  and  high  d^. 

The  capacitance  of  the  composite  can  be  changed  by  adjusting  the  electrode  area  on  the  PZT 
surfaces. 


m.  Stress  Analysis  with  FEM 

A  theoretical  arudysis  of  the  brass-PZT  composite  was  preformed  using  the  finite  element 
analysis  program,  ANSYSversion  4.3(*^.  A  one-quarter  axially-symmetric  model  is  shown  in 
Fig.  2.  The  mesh  contained  640  quadrilateral-shaped  elements  with  729  nodal  points.  Half  of 


them  are  in  the  PZT.  The  sign  of  triangles  are  used  to  ‘‘pin”  the  object  and  allow  only  parallel 
direction  movement  on  the  boundary  when  stresses  are  employed. 

For  simplicity  of  analysis,  the  metal  bonding  layer  b  neglected,  and  a  hydrostatic  reference 
pressure  of  P, «  1  b  applied  to  the  model.  Fig.  3  shows  the  stress  contours  in  radial  (R)  direction 
with  quadrupole  pattern  in  the  brass,  and  the  stress  concentration  with  a  factor  of  about  20  b  at  the 
tip  point  of  the  VZT  and  the  brass.  In  the  PZT,  there  are  only  extensional  stresses  in  the  radial  R 
directioa  and  very  small  stresses  in  the  center  part  Hie  tangential  stresses  in  Fig.  4  shows  that 
there  are  bending  stresses  in  the  brass,  and  extensional  stresses  in  the  PZT.  The  stress  contours  in 
the  z-direction  shown  in  Hg.  5  indicate  that  there  ate  undesoable  extensional  stresses  in  the  PZT, 
and  the  stresses  are  concentrated  with  a  factor  oi  about  IS  at  the  dp  line  of  the  PZT  and  die  brass. 
Thb  stress  analysis  shows  that  the  material  used  as  a  bonding  byer  between  the  PZT  and  the  brass 
should  have  greater  conqiliance  than  brass  or  PZT  in  order  to  reduce  die  stress  concentradon  factor 
and  to  obtain  compressive  stresses  in  the  PZT  along  the  z-direcdon. 

IV.  Experiment  and  Results 

BtasS'PZT  composite  sarrqples  with  dimensioos  (Hg  1):  d  »  11  mm,  »  1.2  mm,  h, »  1.1 
mm^  h  a>  lOO-lSO  pm  and  four  difTerenc  cavity  diameters  7.6  mm  (large  cavity),  5.8  mm 

(middle  cavity),  4.1  mm  (small  cavity),  2.5  mm  (very  small  cavity)  were  machined  for  the 
experiment  In  order  to  obtain  a  thick  bonding  byer,  the  brass  plates  with  silver  paste  applied  over 
the  bonding  area  were  fired  at  600  *C  for  10  minutes.  Then  the  brass  plates  were  bonded  to  a  F2T* 
5  dbk  with  the  silver-glass  paste  and  fired  at  600  ’C  for  10  minutes.  Brass  was  chosen  for  its  low 
thermal  expansion  coefficient  (approximately  15  ppm/*(r).  After  cooling  the  composite  was 
encapsulated  around  its  circumference  with  Spurts  epoxy  resin  and  cured  at  90  *C  for  nxxe  than  8 
hours.  The  composite  was  poled  in  oil  at  150  *C  with  a  2.5  kVAnm  electric  field  for  about  15 
minutes. 

Piezoelectric  ooeflScienn  and  d^  were  measured  in  a  closed  oil  cavity  using  a  low  fiequency 
(approximately  53  Hz)  cooqparative  method  widi  the  hydrosbtic  pressures  iq)  to  KXX)  psi  (7  MPa). 
The  experimental  results  presented  in  Hg.  6  and  Hg.  7  show  that  large  cavity  size  leads  to  \ 

and  gk.  The  dielectric  constant  was  larger  than  15(X)  and  tan  5  less  than  0.025.  Hg.  8  shows  the 

rebtionship  between  the  dg  value  measured  at  center  point  of  the  sampb  with  a  Beriinoouit  dg 


meter  and  die  value  measured  by  die  low  frequency  comparative  method.  The  djj  value  also 
increased  markedly  with  cavity  diameter.  Fig.  9  shows  that  the  firequency  of  the  lowest 
flextensional  mode  decreases  as  the  cavity  diameter  increases.  Therefore,  the  larger  cavity  diameter 
composites  possess  a  lower  operating  frequency  range. 

Because  the  thermal  expansion  coefficient  of  brass  is  larger  than  the  PZT  (approximately  3-7 

ppm/'Q,  con^ressive  prestresses  are  applied  to  PZT  in  R  and  ^  directions  perpendicular  to  the 

poling  dirtcdon.  These  piestresses  help  to  maintain  the  polarization  in  the  PZT.  Fig.  10  shows 
that  the  aging  under  hydrostatic  pressure  at  330  psi  (about  2.3  MPa)  was  very  small. 

A  planar  array  was  made  for  testing  by  embedding  four  composite  samples  widi  large  cavities  in 
epoxy  resin  (Eccogel  1363-23,  Emerson  A  Cuming  Inc.)  (Fig.  11).  The  admittance  and 
conductance  of  the  array  in  air  and  in  water  ixesented  in  Fig.  12  and  Fig.  13  show  that  the  lowest 
flextensional  mode  was  higher  than  30  kHz  and  the  resonant  peak  in  water  was  very  flat 
Therefore  its  fiat  receiving  response  is  more  thru  20  kHz. 

V^Conclusions 

1 .  A  PZT-brass  composite  with  redirected  stresses  exhibits  a  very  high  figure  of  rnent  (c^  g^ 
or  d^'gi/tan  5)  as  well  as  high  dielectric  constant  K  and  withstanding  pressure  P..  Its  g^’d^  s 

30000  X  10^  mVN.  For  PZT  ceramic  its  gkA^  ^^0  x  10»  nF/N.  For  PbHOj  ceramic  its 

1800  X  10->^  mVN.  For  voided  thick  PVDF  g^-d^  s  5000  x  lO*^  mVN. 

2.  Larger  cavity  sizes  lead  to  larged^  and  gk.  but  lower  operating  flequencies. 

3.  Little  aging  was  observed  under  hydrostatic  pressure  (330  psi). 

4.  An  experimental  four-element  flexible  array  shows  flat  frequency  response. 
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The  potential  of  a  number  of  hydrophone  sensor  materials  is  assessed  by  con¬ 
sidering  the  sensitivity  requirement  and  various  noise  contributions  in  the  design  of 
a  hydrophone  element.  Noises  originating  from  the  loss  tangent  and  pyroelectricity 
of  the  material  can  be  serious  factors.  By  considering  the  free-held  voltage  sensitivi¬ 
ty  and  a  proposed  hgure  of  merit  ^hdh/tan  S,  it  is  shown  that  composites  and  glass 
ceramics  are  the  more  promising  candidates  for  new  sensor  applications.  The  self¬ 
noise  factors  can  be  minimized  by  designing  sensor  materials  that  have  large  g^t  and 
low  tan  S  values.  Pyroelectric  noises  can  also  be  greatly  reduced  by  appropriate  com¬ 
posite  designs. 


For  a  crystal  belonging  to  one  of  the  piezoelectric  classes,  there  is  no  guarantee 
that  the  crystal  in  actual  measurements  will  display  the  piezoelectricity  in  all  the 
stress  conditions.  In  a  particular  stress  environment,  piezoelectric  effects  are  per¬ 
missible  for  some  piezoelectric  crystals.  For  a  crystal  used  as  a  stress  sensor,  the 
change  in  polarization,  J  P„  (or  charge,  A  Q,  developed  on  the  per  unit  surface  area 
of  a  sensor)  is  given  by"’ 

zlQ,  diiAOj 

jp,  =  (i  =  1, 2;  3  andy  =  1-6),  (1) 

A  dij 

where  A  is  the  area  and  dn  are  the  piezoelectric  coefficients  of  the  sensing  element. 
For  a  hydrostatic  stress  environment  (oi  —  Oi  —  oj—  —Ph,  Oa  =  Of  =  at  =  0) 


AQi  —  dut^AptA. 


(2) 
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Table  1 

Nonzero  expression  for  active  piezoelectric  crystal  classes  (I  is  a  direction  vector) 


Syscem 

Class 

3  d. 

Example 

Triclinic 

1 

(d„  +  d,i  +  d„)l,  +  (di,  +  <#22  +  da)/} 

+  (dsi  +  d,j  +  d,j)/j 

Monoclinic 

m  J.  jfi 

(d„  +  d,]  +  d„)/i  +  (d„  +  d„  +  d,,)/, 

Monoclinic 

2^X2 

(dll  +^22  +  d]})/} 

Li2S04  H2O 

Orthorhombic 

mm2 

(d„  +  dll  +  diiVi 

PVF2 

Tetragonal 

4,4  mm 

Li2B407 

Rhombohedral 

3.3  m 

Relaxor  Ferroelectrics 

Hexagonal 

6,6  mm 

(Idu  +  dii)li 

ZnS,  CdS 

PZT,  PT,  Composites 

Poled  Ceramics 

00,  com 

Glass  Ceramics 

PVF, 

It  can  be  shown  that  dahi  (or  z/n)  for  all  piezoelectric  crystal  classes,  except  for  those 
belonging  to  the  pyroelectric  or  polar  classes,  is  zero  (Table  1). 

From  eq.  (2),  the  hydrostatic  voltage  sensitivity,  M,  (M.K.S.  units)  of  a  lossless 
capacitor  (or  a  crystal)  is  defined  as 

V— ml 


or 


M  =  ffh-f 


(3) 


where  K  is  the  dielectric  constant  of  a  material,  Co  the  permittivity  of  vacuum  and 
N/m^  the  stress  in  Newton  per  square  meter.  M  is  defined  as  the  free-field  voltage 
sensitivity  (volt  per  pascal)  and  thus  depends  on  the  sensing  element  thickness,  t. 
The  jh  coefficient  for  most  practical  materials  falls  in  the  range  10  -  200  x  I0“^  V 
—  m/N,  Thus,  from  the  material  designer’s  point  of  view,  the  coefficient  is  the 
most  direct  and  important  consideration  for  hydrophones  of  high  sensitivities.  In 
practice,  besides  the  intrinsic  material  properties  {K,  dh,  j)h,  tan  <5),  the  device 
development  also  depends  upon  the  fabrication  parameters  (e.g.,  sample  prepara¬ 
tion,  electrodes,  mounting,  sensor  dimensions,  single  crystal  or  polycrystalline 
material,  etc.)  and  operational  conditions  (temperature,  pressure,  frequency,  and 
other  environmental  conditions).  The  material  property  which  is  also  highly 
affected  by  the  fabrication  and  operational  parameters  is  the  intrinsic  tan  6  of  the 
sensing  element.  The  loss  tangent  generally  depends  heavily  on  the  material  prepara¬ 
tion  and  its  state,  for  example,  it  being  a  single  crystal,  polycrystalline,  thin  film  or 
composite,  and  often  on  the  poling  conditions  and  aging  effects  in  the  ceramics. 
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Hence,  there  are  various  sources  of  noise  in  a  practical  hydrostatic  sensing  device. 
Some  of  the  other  sources  of  noise  are  due  to  flow  noise,  temperature  fluctuations 
or  pyroelectric  noise,  open  circuit  input  noise  of  an  amplifier,  short  circuit  input 
noise,  etc.  The  self-noise  (which  in  general  a  tan  St(oC),  depending  upon  the  opera¬ 
tional  conditions,  must  be  seriously  considered  in  the  design  of  hydrostatic  sensors. 

Therefore,  the  figure  of  merit  of  a  (Johnson  noise  limited)  hydrostatic  sensor 
could  be  expressed  as 

M^C 

F.O.M.  oc - - 

tanP 


or 


« 


- T'f'A 

tan  S 


(4a) 


or 


a 


EuK  tan  S 


■tA. 


(4b) 


For  a  sensor  with  given  dimensions  A  and  t,  the  hydrostatic  figure  of  merit  of  th;: 
sensor  material  is  directly  related  to  (0h'</h)/tan  S.  The  values  of  ph,  <fh.  and  FOM 
for  a  hydrostatic  sensor  material  are  expressed  in  units  of 


</h9h 


10- -  or 


10'*’ 
pascal ' 


Generally,  tan  S  for  most  materials  is  -  I0~^.  By  including  tan  d  in  the  FOM,  we 
can  express  ^hdn/tan  d  as  ~  10"'^  mVN. 

For  hydrophone  materials  with  dhjh  -  (10  to  1000)  x  lO"”  m^/N,  the  FOM  of 
the  order  of  (1  to  100)  x  10"'^  mVN  has  the  units  and  range  of  elastic  compliance 
of  most  common  materials.  This  allows  one  to  draw  an  elastic  analogy  to  the  situa¬ 
tion  as  if  the  material  were  behaving  like  an  elastic  media.  A  higher  FOM  gives  an 
analogy  to  a  highly  compliant  material  whereas  a  lower  FOM  reflects  the  highly  stiff 
behavior  of  the  material.  For  comparison,  typical  values  of  compliance,  Su,  in  some 
cases  are 


Spurr  Epoxy 


-122  X  lO-'^mVN 
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Stycast  Epoxy  —32x10“'* 

PbTiOj  -1.4x10“'*. 

Table  2  lists  the  hydrostatic  figures  of  merit  g^,  dn,  and  S  for  various  im¬ 

portant  piezoelectric  ceramics  and  composites.'*'"”  It  clearly  indicates  that  com¬ 
posite  and  glass  ceramic  sensor  materials  are  superior  to  any  other  single-phase 
piezoelectric  sensor  materials.  It  is  also  clear  from  expressions  (3)  and  (4)  that  the 
thickness  of  the  sensing  element  is  an  important  parameter  in  the  hydrostatic 
pressure  sensor  design.  In  many  instances,  the  available  thickness  of  a  material 
becomes  the  limiting  factor  for  the  design  of  sensitive  hydrophones.  For  example, 
in  order  to  achieve  a  design  goal  of  sensitivity  —  192dB  re  Volt///Pa,  and  2nf 
capacitance,  for  a  10  x  lO  cm*  sensor,  the  best  PVDF  (K  =  12)  can  provide  is 
-0.6  mm  thickness,  and  therefore  it  requires  a  minimum  gh  of  ISO  x  io~’  Vm/N. 
Thus  composites  and  glass  ceramics  offer  additional  possibilities  to  meet  the  design 
goal  for  hydrophones.  It  should  be  noted  that  greater  thicknesses  of  the  piezoelec¬ 
tric  elements  usually  translate  into  greater  degree  of  difficulty  for  poling  and  reduce 
the  net  capacitance  of  the  sensing  element  at  the  same  time. 


Table  2 

Hydrostatic  figures  of  merit  g^,  and  d\l(Kt^  tan  4)  for  various  important  materials. 


Sample 

Ref. 

K* 

X  10“'* 

C/N 

Fi. 

xlO*’ 

Vm/N 

ddlh 

X  10*” 

m*/N 

tan  4, 

dl/ctK  tan  4 
10*”m*/N 

PZT4 

7 

1300 

43 

4 

172 

0.02 

9 

PZT5 

7 

1690 

21 

2 

42 

0.02 

2 

PVdF  (1983)  1 

7.8 

10 

10 

112 

1.120 

0.011 

101 

PVdF  (1 

Composites* 

2,10 

8 

18 

270 

4,860 

0.015 

324 

A.  3-3  Mitsubishi 

5.9 

200 

92 

53 

4,876 

0.019 

256 

B.  0-3  NTK  304 

10 

34 

22 

47 

1,034 

0.058 

17 

306 

38 

27 

81 

2,187 

0.016 

137 

303 

37 

41 

124 

5,084 

0.023 

221 

307 

51 

69 

153 

10,557 

0.035 

302 

N  3-0 

7 

150 

19 

2,830 

(0.02) 

143 

Kl 

4.3 

41 

30 

82 

2,460 

0.012 

205 

K2  3-1 

4.5 

356 

220 

72 

15,840 

0.02 

792 

K3  3-2 

4.5 

360 

153 

52 

7,956 

0.02 

398 

PI  Philips  1-3 

45 

28 

71 

1,988 

0.02 

100 

K4  310b 

478 

200 

48 

9,600 

0.018 

533 

Edo  PbTiO, 

210 

48 

26 

1,248 

0.007 

178 

BST  Glass-Ceramics 

6.7 

12 

10 

83 

830 

0.001 

830 

Tor  details  see  refs.  2  and  3. 
'Measurements  at  I  kHz. 
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Another  noise  source  which  is  to  be  considered  in  the  hydrophone  performance 
and  can  be  eliminated  in  the  composite  material  design  is  related  to  pyroelectric 
noises.*"*  Since  the  pyroelectric  coefficients  are  much  larger  than  the  piezoelectric 
coefficients  of  hydrostatic  piezoelectric  materials,  even  a  small  temperature  fluctua¬ 
tion  is  a  matter  of  concern  in  the  operation  of  hydrostatic  pressure  sensors,  especial¬ 
ly  at  lower  frequencies.  For  a  constant  dF/  F,  a  3  x  10~*  K  temperature  variation 
produces  an  equivalent  effect  of  one  psi  in  a  typical  PVDF  sensor.  Such  effects  can 
be  successfully  eliminated  by  proper  design  of  the  composite  material.'"’ 
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In  this  paper  we  summariae  our  investigation  of  the  electrical  properties  of  thin-film  0-3  polymer- 
ceramic  composites.  The  main  objective  of  this  study  was  to  demonstrate  the  principle  that  a  piezoelectric 
'paint'  can  indeed  be  prepared.  Two  polymers,  an  acrylic  copolymer  and  a  polyurethane,  were  utilized 
in  our  research.  Both  were  loaded  with  60-  70  volume  percent  PZT  and  a  coprecipitated  PbTiO,.  The 
addition  of  various  surfactants  and  dispersing  agents  to  the  acrylate-based  composites  was  necessary  to 
aid  in  dispersing  the  ceramic  particles  in  the  polymer  matrix.  The  hydrostatic  strain  and  voltage  coef- 
flcients,  along  with  the  'figures  of  merit’  for  PZT-filled  acrylic  and  polyurethane  composites  were  found 
to  be  significantly  larger  than  values  reported  previously  for  other  0-3  polymer-PZT  composites.  For 
acrylic  copolymer-coprecipitated  PbTiO,  composites,  the  hydrostatic  coefficients  were  found  to  be 
roughly  50%  larger  than  the  comparable  PZT-filled  materials.  For  example,  g*  d*  ranged  from  about 
1260-1380  X  10-”  mW  for  PZT-filled  and  from  about  1970-2140  x  10'”  mW  for  PbTiO, -loaded 
acrylic  composites.  The  electrical  properties  of  the  PbTiOj-filled  polyurethane  were  comparable  to 
those  of  the  corresponding  PZT  composites. 


INTRODUCTION 

Piezoelectric  ceramic/polymer  composites  possessing  various  connectivity  patterns 
have  been  the  focus  of  much  study  in  the  past  ten  years  [e.g.,  1-3],  Among  the 
composites  examined,  the  simplest  types  are  those  with  so-called  0-3  connectivity. 
These  consist  of  piezoelectrically-active  ceramic  particles  dispersed  in  a  3-dimen- 
sionally  connected  polymer  matrix.  One  of  the  more  attractive  features  of  polymer 
composites  based  on  the  0-3  connectivity  pattern  is  their  versatility  in  assuming  a 
variety  of  forms,  including  thin  sheets,  molded  shapes,  and  extruded  bars  and 
fibers.  By  chousing  the  appropriate  polymer  matrix,  these  composites  can  also  be 
made  flexible,  to  conform  to  curved  surfaces.  A  number  of  elastomeric  and  rigid 
polymers  have  been  utilized  in  0-3  composites  in  the  past.  These  have  been  loaded 
with  various  piezoceramics,  the  most  documented  of  which  being  lead  zirconate 
titanate  (PZT).  In  general,  the  0-3  composite  family  has  been  found  to  exhibit 
high  hydrostatic  piezoelectric  voltage  coefficients  and  ‘figures  of  merit’  when  com¬ 
pared  to  the  properties  of  conventional  single  phase  materials.  Consequently,  these 
composites  have  the  potential  for  use  in  a  number  of  applications  such  as  hydro¬ 
phones  or  ultrasonic  transducers. 

As  an  extension  of  this  work,  0-3  composites  have  been  examined  for  the 
development  of  piezoelectric  (or  pyroelectric)  ‘paints’.  In  this  case,  the  term  ‘paint’ 
refers  to  a  thin-film  polymer/ceramic  composite  which  can  be  applied  to  large 
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surface  areas.  The  initial  question  that  must  be  addressed  is:  is  it  feasible  to  load 
a  typical  paint  vehicle  to  the  levels  required  to  obtain  good  piezoelectric  or  py¬ 
roelectric  activity  in  the  final,  dry  film?  In  fact,  it  is  common  in  flat  and  ceiling 
paints  to  load  to  60-80  volume  percent  pigment.^  Our  research  has  focused  on  the 
preparation  and  electrical  properties  of  piezoelectric  0-3  composites  in  the  form 
of  relatively  thin  films  (-200-500  p.  microns  thick),  cast  onto  brass  plates. 


EXPERIMENTAL 

A.  Materials  and  sample  preparation 

The  polymers  used  in  this  study  were  an  acrylic  copolymer  (in  the  form  of  a 
suspension  in  water)  and  a  polyurethane.  The  copolymer  (random)  consisted  of 
methyl  methacrylate  and  2-ethylhexyl  acrylate  (44  wt.  %  methyl  methacrylate) 
dispersed  in  water  (60%  solids).  Various  surfactants  and  rheological  agents  such 
as  sodium  carboxy  methyl  cellulose,  hydroxyethylcellulose,  and  polyethylene  oxide 
(a  nonionic  surfactant)  were  purchased  from  Polysciences,  Inc.  “Foammaster” 
defoamer  was  obtained  from  Rohm  Haas,  Inc.  The  polyurethane  composites  in¬ 
corporated  only  one  additive:  a  dispersing  agent.  Anhydrous  Aerosol  OT-100  (100% 
solids),  obtained  from  American  Cyanamid,  Inc.  The  glass  transition  temperatures 
(Tg)  of  the  acrylate  (Tg  —  3®C)  and  the  polyurethane  (Tg  —  3rC)  were  obtained 
using  a  Perkin  Elmer  differential  scanning  calorimeter  (Series  7). 

A  series  of  0-3  composites  were  prepared  using  PZT  or  coprecipitated  PbTiOs 
powder  as  the  electroceramic  filler.  The  PbTi03  powder  was  prepared  by  a  two 
step  precipitation  from  aqueous  solution.^  The  final  dry  powder  was  ground,  then 
calcined  at  900'’C  for  one  hour  to  yield  highly  crystalline  PbTiO^  particles  with  a 
narrow  particle  size  distribution.  An  additional  calcination  was  carried  out  at  850°C 
for  four  hours  to  produce  a  powder  with  a  particle  size  of  4-5  p,  as  measured  by 
a  Quantachrome  Monosorb  Surface  Area  Analyzer,  Model  MS-12.  The  ‘original’ 
PZT  powder  (501A-Ultrasonic  Powders,  Inc.)  was  also  calcined  at  850°C  to  yield 
a  powder  with  an  average  particle  size  of  l-2p.. 

Films  were  prepared  by  combining  the  copolymer  emulsion  or  the  polyurethane 
with  their  respective  surfactants  and  dispersing  agents.  For  the  acrylic  copolymer 
case  this  was  dune  in  the  proportions  designated  in  Reference  6.  The  electroceramic 
filler  was  loaded  into  the  polymer  mixture  and  allowed  to  stir  at  room  temperature 
for  approximately  two  hours.  A  sufficient  amount  of  defoamer  was  then  added  to 
eliminate  the  formation  of  bubbles  while  stirring.  The  polyurethane/electroceramic 
composites  were  prepared  in  a  similar  fashion.  The  polyurethane  plus  approxi¬ 
mately  10%  solvent  (toluene)  was  combined  with  either  1.5%  (for  PbTiO,)  or  2.5% 
(for  PZT)  anhydrous  aerosol  OT-100  at  room  temperature.  Defoamer  was  then 
added  and  the  materials  were  mixed  at  room  temperature. 

The  final  films  were  prepared  by  casting  the  mixtures  onto  brass  plates.  The 
surface  of  the  brass  was  made  rough  to  ensure  good  adhesion  between  the  com¬ 
posites  and  the  metal.  The  films  were  initially  dried  in  air  at  room  temperature  for 
24  hours  then  placed  in  a  vacuum  oven  at  llO^C  for  an  additional  24  hours  to 
ensure  removal  of  all  residual  water  or  solvent. 
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Air-dry  silver  paint  was  used  to  electrode  the  final,  dry  films  on  one  side,  while 
the  brass  plate  acted  as  the  second  electrode.  The  resultant  film  thicknesses  ranged 
from  about  2U0-S(X)  |x.  The  internal  microstructure  of  each  composite  type  was 
determined  using  an  I.S.I.  Super  IIA  Scanning  Electron  Microscope.  The  samples 
(minus  the  brass)  were  fractured  in  liquid  nitrogen  and  the  fracture  surface  of  each 
composite  examined. 

B.  Poling  and  dielectric  and  piezoelectric  measurements 

Poling  of  the  composites  was  accomplished  by  both  the  conventional  and  the  Corona 
discharge  techniques.  The  conventional  poling  apparatus  consisted  of  an  oil  bath 
and  an  external  power  supply.  The  temperature  of  the  bath  was  maintained  at  75°C 
for  the  acrylate-based  composites  and  at  100“C  for  the  polyurethane  composites. 
The  voltage  was  applied  stepwise;  the  composite  was  allowed  to  remain  at  a  par¬ 
ticular  voltage  for  ten  minutes,  then  the  electric  field  was  increased.  This  process 
was  repeated  until  the  maximum  field  for  a  given  composite  was  reached  (100- 
150  kV/cm).  This  procedure  minimized  the  possibility  of  electrical  breakdown  of 
the  composites. 

The  Corona  discharge  method  of  poling  involved  the  application  of  a  large  d.c. 
field  to  a  set  of  needles,  causing  an  ionization  of  surrounding  gas  molecules.  The 
composite  was  electroded  and  placed  on  a  grounded  metal  plate  and  a  charge  from 
the  needles  was  sprayed  onto  the  unelectroded  surface.  The  temperatures  used 
during  Corona  poling  were  the  same  as  for  the  conventional  method. 

Initially,  the  breakdown  strengths  of  the  candidate  polymer  matrices  were  eval¬ 
uated  to  assess  their  capability  of  withstanding  electric  fields  of  100-150  kV/cm, 
i.e.,  those  normally  required  to  pole  0-3  composites.  This  was  done  by  placing 
samples  of  the  pure  polymers  into  the  conventional  poling  apparatus  and  increasing 
the  applied  field  until  breakdown  occurred.  The  acrylic  copolymer  withstood  an 
applied  electric  field  of  ~150  kV/cm  whereas  the  dielectric  strength  of  the  poly¬ 
urethane  was  found  to  be  ~120  kV/cm.  The  breakdown  strength  of  the  polymer 
matrices  plus  their  respective  additives  were  also  evaluated.  The  addition  of  the 
ionic  surfactant  to  the  acrylic  copolymer  greatly  lowered  the  breakdown  strength 
(to  approximately  50  kV/cm)  and.  consequently,  was  removed  from  the  composite 
formulation.  The  dielectric  breakdown  strength  without  the  ionic  surfactant  was 
found  to  be  -~13U  kV/cm.  The  polyurethane  with  the  added  dispersing  agent  pos¬ 
sessed  a  breakdown  strength  identical  to  that  found  for  the  pure  pi>lyurethane. 

Dielectric  constant  and  loss  were  measured  using  a  Hewlett-Packard  Model 
4274A  Multi-frequency  LCR  Meter.  Measurements  were  taken  at  room  temper¬ 
ature  and  1  kHz  for  all  the  composites  to  obtain  tan  5  and  the  dielectric  constant. 

Measurements  of  d,,  were  made  using  a  Berlincourt  Piezo  d,3-mcter  at  100  Hz 
for  each  poled  sample.  The  d,j  values  reported  here  are  the  average  of  10  random 
point  measurements  (5  on  each  electroded  surface).  The  hydrostatic  strain  coef- 
Hcient  (d,,)  was  evaluated  using  a  static  technique  and  from  this,  the  hydrostatic 
voltage  coefficient  {g,,)  was  subsequently  derived.  The  apparatus  consists  of  an  oil 
chamber  within  which  a  sample  holder  is  immersed.  The  sample  holder  contains 
the  test  samples  along  with  a  standard  (PZT).  A  hydraulic  press  to  provide  static 
pressure  to  the  oil  bath,  an  AC  stress  generator  within  the  chamber,  and  a  spectrum 
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analyzer  (Hewlett-Packard  3585A)  to  monitor  the  voltage  produced  by  the  sample 
were  also  employed.  All  hydrostatic  measurements  were  made  approximately  2~ 
3  days  after  polarization. 


RESULTS  AND  DISCUSSION 

The  dispersion  of  both  the  PZT  and  PbTiOj  in  the  acrylic  copolymer  was  found 
to  be  excellent,  indicating  that  the  combination  of  surfactants  and  rheological  agents 
utilized  were  appropriate  for  this  type  of  composite.  The  dielectric  constants  for 
these  composites  (Table  I)  are  comparable  to  those  found  in  previous  studies  on 
piezoelectric  0-3  composites.^"’'  The  values  reported  in  Table  1  represent  an  av¬ 
erage  of  measurements  taken  on  several  random  samples.  The  standard  deviation 
for  the  dielectric  constant  and  tan  5  were  ±  5  and  ±  0.01  respectively.  As  expected, 
the  dielectric  constant  increased  with  increasing  volume  fraction  of  ceramic  due  to 
the  large  dielectric  constants  of  PZT  (K  ~  1800)  and  PbTiO,  (K  —  230)  compared 
to  those  of  the  polymer  matrices.  The  dissipation  factors  of  the  composites  at  room 
temperature  and  1  kHz  are  0.04-0.06,  similar  to  that  of  the  pure  polymer  (O.OS). 
The  losses  are  relatively  high  because  room  temperature  is  within  the  temperature 
range  encompassed  by  the  a-relaxation  at  1  kHz  of  this  particular  copolymer. 

The  dij  values  for  the  PZT-filled  composites  were  found  to  be  25-28  pC/N. 
while  those  for  the  coprecipitated  PbTiOyacrylic  copolymer  composites  were  35- 
38  pON.  Epoxy  elastomer  composites  fabricated  by  Safari,  el  al.,  loaded  with  67% 
coprecipitated  PbTiOa,  were  reported  to  exhibit  a  4/33  of  approximately  60  pC/N.* 
This  is  substantially  larger  than  the  values  for  the  PhTiO^acrylic  copolymer  com¬ 
posites  (as  well  as  the  PbTi03/polyurethane  composites)  reported  here.  The  reason 
for  this  discrepancy  is  unclear  at  this  time.  The  difference  in  between  the  PZT 
and  PbTiO.i-acrylic  copolymer  composites  could  stem  from  the  lower  dielectric 
constant  of  PbTiOj  compared  to  PZT.  From  a  consideration  of  the  influence  of 
the  dielectric  constant  of  the  phases  in  an  0-3  composite  on  the  electric  field  acting 
on  an  isolated  spherical  grain  during  poling,  it  becomes  apparent  that  the  electric 
field  acting  on  the  PZT  particles  should  be  about  a  factor  of  10  less  than  for  PbTiO, 
particles  in  a  typical  polymer  matrix.  Consequently,  the  overall  polarization  of  the 
PZT  should  be  less,  giving  rise  to  lower  d^y  In  addition,  it  is  possible  that  the 


TABLE  I 


Oieleccric  and  Piezoelectric  Response  of  Acrylic  Copolymer  Composites 


Tan  8 

4,» 

(lO'^CVN) 

d, 

(10  "  C/N) 

Ki. 

(10  ’  V  nVN) 

(10-”  m’/N) 

60  vol%  PZT 

29  ± 

5 

0.04 

26  *  6 

18  ±  5 

70  ±  10 

1260  *  .390 

70  vol%  PZT 

51  ± 

5 

0,05 

28  *  5 

25  ♦  6 

55  ±  11 

1380  ♦  4.30 

60  vol%  PbTiO, 

48  ± 

5 

0.05 

35  ±  5 

29  *  5 

68  ±  10 

1970  ±  450 

70  vol%  PbTiO, 

54  i 

5 

0.06 

38  *  6 

32  ±  5 

67  ±  10 

2140  ±  470 

70  vol%  PbTiO, 
(corona  poled) 

54 

0.06 

39 

30 

63 

1890 
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difference  in  particle  size  of  the  PbTi03  and  PZT  also  contributes  to  the  differences 
in 

The  (//,  (and  the  hydrostatic  voltage  coefficient,  g^)  values  reported  in  Table  I 
are  an  average  of  measurements  on  five  samples,  d*  for  the  PbTi03/acrylic  copoly¬ 
mer  composites  were  found  to  be  in  the  range  of  29-32  pC/N,  somewhat  lower 
than  those  reported  previously  by  Safari,  etal.  for  a  coprecipitated  PbTi03/flexible 
epoxy  0-3  composite  (43  pC/N).*  and  g*  for  the  PZT-filled  composites  are 
substantially  larger  than  values  reported  previously  for  unmodified  0-3  PZT  com¬ 
posites  and  comparable  to  0-0-3  PZT  composites  where  a  second  conductive  filler 
was  added  to  aid  in  poling.^  The  hydrostatic  figure  of  merit  (d^  g/,)  ranged  from 
1260-1380  X  10- 's  m^/N  for  the  PZT-filled  and  from  1970-2140  x  10" m^/N 
for  the  PbTi03-filled  composites. 

Conventional  oil  bath  poling  is  not  necessarily  the  most  ideal  way  of  pole  a 
polymer-based  composite.  The  polymer  portion  may  be  susceptible  to  dissolution 
or  swelling  in  the  oil,  which  will  undoubtedly  interfere  with  the  poling.  In  a  pre¬ 
liminary  experiment,  the  Corona  discharge  method  was  utilized  to  pole  a  70  volume 
percent  PbTi03/acryiic  copolymer  composite.  As  shown  in  Table  1,  d^y  was  found 
to  be  39  pC/N,  the  same  within  experimental  error  as  the  conventionally  poled 
samples.  The  corresponding  d^,  g«,  and  figure  of  merit  were  also  similar  to  the 
composites  poled  by  the  conventional  method.  Although  immersion  in  oil  does  nut 
appear  to  be  of  concern  for  this  particular  polymer  matrix,  one  must  be  aware  of 
the  possible  difficulties  that  oil  immersion  may  cause. 

Microscopic  analysis  indicates  that  both  PZT  and  the  coprecipitated  PbTi03  are 
well  dispersed  in  the  polyurethane  matrix.  Compared  to  the  acrylic  composites, 
the  dissipation  factors  are  somewhat  lower  for  the  polyurethane  compositions, 
reflecting  the  lower  loss  at  room  temperature  of  the  polyurethane  (tan  8~0.01) 
compared  to  the  acrylic  copolymer  matrix.  Dielectric  constants  and  the  piezoelectric 
coefhcients  are  the  same  within  experimental  error  for  all  composites  of  a  given 
volume  fraction.  While  the  hydrostatic  piezoelectric  properties  of  the  70  volume 
percent  polyurethane  composites  are  comparable  to  the  acrylic  copolymer-based 
materials,  those  with  60  volume  percent  ceramic  (especially  PbTiOj)  are  signifi¬ 
cantly  less.  For  60  volume  percent  PZT.  this  is  a  result  of  the  higher  dielectric 
constant  for  the  polyurethane  composite.  In  addition,  d,,  for  the  PhTiO^-poly- 
urethane  composites  are  significantly  less  than  the  corresponding  PbTi03-acrylic 
composites.  The  reason  for  this  is  unknown  at  present.  Both  types  of  composites 
were  poled  at  a  similar  T-Tg  and  there  is  no  difference  in  the  x-ray  diffraction 
patterns  of  composites  poled  in  the  presence  of  either  polymer  (i.e.,  the  degree  of 
poling  is  similar). 


TABLE  II 


Dielectric  and  Piezoelectric  Response  of  Polyurethane  Composites 


K„ 

Tan  8 

ds) 

(10-'=C/N) 

(I0-''C/N) 

gi, 

(10-’  V  mfN) 

(10  ”  mW) 

60  vol%  PZT 

51  ± 

5 

0,02 

25  ±  5 

18  *  5 

40  ±  10 

720  ±  270 

70  vol%  PZT 

45  ± 

5 

0.04 

28  ±  5 

26  ±  6 

65  ±  11 

1690  ±  480 

60  vol%  PbTiO, 

42  ± 

5 

0.03 

25  ±  5 

17  ±  5 

47  ±  10 

800  *  290 

70  vol%  PbTiO, 

44  ± 

5 

0.03 

27  ±  6 

25  ±  5 

67  ±  10 

1680  *  420 
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Piezoelectric  0-3  glass  composites  for  high  temperature  and  wide  area  applica¬ 
tions  were  developed  by  firing  a  mixture  of  modified  PbTiOs  and  lead-based  glass 
powder.  Sintering  of  the  0-3  piezoelectric  composites  was  dependent  upon  the  firing 
temperature  and  the  amount  of  glass  phase.  Piezoelectric  0-3  composites  with  41- 
72vol%  ceramic,  fired  at  450®C,  showed  dielectric  constants,  K,  -45-100, 
piezoelectric  g]}  coefficients  - 13-20  x  lO"’  Vm/N  and  piezoelectric  djj  coefficients 
-5-15  X  10*'^C/N  which  were  found  to  be  comparable  to  those  of  polar  glass- 
ceramics. 


1.  Introduction 

Electroceramic  composites  are  frequently  designed  to  provide  the  desired  elec¬ 
tromechanical  properties  through  the  combination  and  connectivity  of  different 
phases."'”  Design  concepts  of  numerous  electroceramic  composites  have  been  well 
documented."’  Fabrication  and  characterization  of  piezoelectric  composites,  which 
are  based  on  polymer  and  piezoelectrically  active  ceramic  particles  such  as  pure  or 
modified  PbTiOs  and  PZT,  have  been  reported.'*"”  Such  composites  which  possess 
the  0-3  connectivity,  i.e.,  piezoelectrically  active  ceramic  particles  are  dispersed  in 
the  3-dimensionaliy  interconnected  polymer  phase,  offer  many  advantages  such  as 
easy  processing  of  various  shapes,  i.e.,  sheets  and  fibers,  flexibility  and  high 
hydrostatic  piezoelectric  coefficients.  Effects  of  piezoelectric  ceramic  content,  parti¬ 
cle  sizes  of  the  piezoelectric  ceramic  and  poling  conditions  on  the  0-3  composite 
properties  have  been  investigated However,  the  application  of  these  polymer 


'Visiting  Scientist  from  RIST,  Pohang,  Korea. 
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matrix  composites  is  limited  to  relatively  low  temperatures  due  to  low  processing 
temperatures  characteristic  of  the  polymers  used. 

Novel  grain-oriented  glass-ceramics  based  on  fresnoite  (Ba2TiSi20s)  and  related 
polar  crystals  for  pyroelectric  and  piezoelectric  applications  were  developed  by  tem¬ 
perature  gradient  crystallization."*  Advantages  of  such  polar-  glass  composite  struc¬ 
tures  include  no  need  for  poling,  low  aging  because  of  their  non  ferroelectric  nature, 
and  the  possibility  of  high-temperature  usage.  The  intrinsic  nature  of  grain-oriented 
glass-ceramic  composites  and  their  associated  poor  mechanical  integrity,  however, 
may  limit  their  practical  implementation. 

To  overcome  the  inconvenience  in  polar  glass-ceramics  processing,  conventional 
glass-ceramic  processing  was  adopted  to  fabricate  piezoelectric /pyroelectric  glass- 
ceramics  based  on  PbTiOj."’  The  ease  of  processing  together  with  the  notable 
piezoelectric/ pyroelectric  properties  of  poled  glass-ceramics  indicates  a  useful 
method  for  large-area  piezoelectric /pyroelectric  applications.  It  also  seems  to  be 
possible  to  produce  piezoelectric  glass-ceramics  for  high-temperature  applications 
by  modifying  the  glass  composition. 

The  purpose  of  this  work  was  to  develop  0-3  piezoelectric  composites  through 
conventional  firing  of  a  mixture  of  modified  PbTiO}  and  lead-based  glass  powders. 
Some  of  the  advantages  of  the  0-3  piezoelectric-glass  composites  are  as  follows:  (1) 
a  wide  variety  of  shapes  and  geometries  can  be  fabricated  by  using  both  powder  and 
conventional  glass-forming  technologies  including  screen  printing  and  glaz¬ 
ing/frits,  (2)  the  glass  composites  will  be  relatively  mechanically  robust  and  capable 
of  operating  at  moderately  high  use  temperatures  and  (3)  low  cost  and  ease  of 
fabrication.  In  this  paper,  the  initial  results  of  processing  and  property  characteriza¬ 
tion  of  0-3  piezoelectric-glass  composites  will  be  described. 

2.  Experimental  Procedure 

2.1  Materials 

The  modified  PbTiOs  [(PboMSmoio)(Tio98Mno 02)03]  composition,  whose 
reported  dielectric  and  piezoelectric  properties  are  shown  in  Table  1,  was  selected 
for  the  piezoelectric  ceramic.  As  discussed  earlier,  this  material  was  chosen  for 
many  previously  reported  composites  due  to  its  relatively  low  dielectric  constant 
and  high  piezoelectric  coefficient."®’  In  the  selection  of  glass  composition,  the 
following  characteristics  were  felt  to  be  necessary:  chemical  compatability  with  the 
ceramic  particle,  good  wettability  for  good  densification,  relatively  low  softening 
point  for  low-temperature  processing,  and  electrical  insulation  such  as  to  allow  ease 
of  poling,  in  addition,  a  low  dielectric  constant  is  favorable  to  obtain  the  high 
piezoelectric  (733  coefficient  but  inhibits  poling.  Based  on  these  requirements,  a  high 
lead-based  glass  composition,  which  was  developed  for  solder  glass  and  whose 
reported  properties  are  shown  in  Table  1,  was  selected.  As  shown  in  the  table,  the 
low  softening  point  (i.e.,  440°C)  and  the  low  resistivity  of  the  glass  should  allow 
low-temperature  processing  and  poling,  respectively. 
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Table  1 


Properties  of  the  glass  and  the  piezoelectric  components. 


Material 

Composition 

(wt%) 

Density 

(g/cm’) 

7-;  or  T\ 
(°C) 

logp 

(0-cm, 

RT) 

K 

(RT, 

1  kHz) 

D 

(%) 

(X  lO'” 
C/N) 

9ii 

(X  10*’ 
Vm/N) 

Corning 

PbO 

74.0 

5.4 

440'’C 

>17 

14 

0.1 

glass  #7570 

BjO, 

12.0 

(II) 

AIjO, 

11.0 

SiO: 

3.0 

Modified 

PbO 

66.7 

7.7 

320°C 

>12 

200 

2.5 

-60 

-33 

PbTiO, 

Sm203 

6.0 

(10) 

TiOj 

26.7 

MnO, 

0.6 

'Curie  temperature. 
’Softening  point. 


2.2  Processing 

The  high  purity  oxides^  were  weighed  according  to  the  above  chemical  formula, 
and  about  3  wt%  of  excess  PbO  was  added  to  compensate  for  the  loss  during 
calcination  and  sintering.*'®’  The  oxides  were  bail  milled  in  ethyl  alcohol  for  24 
hours  using  zirconia  as  the  milling  medium.  The  dried  powder  was  calcined  at 
900°C  for  4  hours  in  an  alumina  crucible.  The  loosely  packed  calcined  powder  was 
further  heat-treated  at  12(X)®C  for  24  hours  to  increase  the  grain  size  for  better  pol¬ 
ing.  The  powder  slug,  whose  primary  particle  size  was  determined  to  be  3-S  fim, 
was  crushed  and  sieved  through  32S  mesh.  This  powder  was  used  in  the  preparation 
of  the  composites. 

The  commercially  available  high-lead  glass  frit”  was  milled  in  a  vibratory  mill 
for  48  hours  to  increase  the  sinterability  of  the  glass  powder.  To  determine  the  com¬ 
patibility,  the  glass  and  41  vol%  piezoelectric  ceramic  powders  were  wet-mixed  in 
an  agate  mortar.  Pellets  were  fabricated  at  88  MPa  using  4  wt%  of  binder”’  solu¬ 
tion.  The  binder  was  burnt  out  by  heating  at  2°C/ minute  to  4(X)'’C  ( <  softening  tem¬ 
perature)  and  holding  for  30  minutes.  The  pressed  samples  were  fired  for  60  minutes 
in  the  range  of  430-490°C.  The  compatibility  of  the  glass  with  the  piezoelectric 
ceramic  was  confirmed  by  XRD  of  the  fired  composites. 

As  for  all  0-3  composites,  the  properties  were  found  to  depend  on  the  amount 
of  the  functional  components.'*’’  Piezoelectric-glass  composites  with  a  ceramic  con¬ 
tent  in  the  range  of  41-72  vol%  were  prepared.  The  composites  were  fired  for  60 

'PbO:  Hammond  Lead  Products,  Inc.,  MnOj,  SmiO,  and  TiOj:  Alfa  Products. 

"Corning  #7570,  Corning  Glass  Works. 

’"Dupont  Binder  5200. 
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minutes  at  450°C,  this  having  previously  been  found  to  be  the  optimum  sintering 
condition.  Characterization  of  the  fired  samples  included  the  geometric  density  and 
microstructural  analysis  of  fracture  surfaces  using  scanning  electron  microscopy 
(SEM).^  Fired  samples  were  polished  and  electroded  by  gold  sputtering  and  further 
coated  by  an  air-dry  silver  paste*^  to  insure  electrical  contact.  The  dielectric  constant 
and  loss  were  determined  as  a  function  of  temperature  (RT-400°C)  and  frequency 
(100, 200,  1000,  10000  and  KXKXX)  Hz)  using  a  LCR  meter.^**  Samples  were  poled  at 
10-30  KV/cm  during  cooling  in  air  from  335  to  150°C  in  a  box  furnace.*^'*  The 
effectiveness  of  the  poling  was  determined  by  measuring  the  piezoelectric  dn 
coefficient  using  a  Berlincourt  Piezo  dn  Meter.^^^’ 

3.  Results  and  Discussion 

3.1  Firing 

To  investigate  the  densification  behavior  of  the  0-3  piezoelectric-glass  com¬ 
posites,  samples  of  41  vol%  ceramic  were  fired  for  60  minutes  at  430,  450,  470  and 
490°C,  respectively.  Figure  1  presents  the  percent  theoretical  density  of  the  fired 
composites  at  various  temperatures.  As  shown,  the  density  exhibited  a  peak  value 


Sintering  temperature  ("Q 

Fig.  I .  Fired  density  (percent  theoretical)  of  the  0-3  piezoelectric-glass  composites  of  4 1  vol%  ceramic 
as  a  function  of  firing  temperature. 


'Super-lllA,  ISl. 

"Materials  for  Electronics,  Inc. 

"’HP  4274A,  Multi-frequency  LCR  Meter. 
""Delta  Design. 

'""Channel  Products,  Inc. 
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of  -95%  theoretical  at  450°C,  decreasing  as  the  temperature  increased.  To  under¬ 
stand  the  decrease  in  fired  density  above  450°C,  microstructures  were  examined. 
Fig.  2A  and  2B  show  SEM  micrographs  of  fracture  surfaces  of  samples  hred  at  450 
and  490°C,  respectively.  Figure  2A  indicates  good  wettability  of  the  glass  and  a 
dense  microstructure  with  a  few  spherical  pores  ranging  from  0.5  to  10 /rm.  In  con¬ 
trast,  the  microstructure  observed  from  the  sample  fired  at  490®C  (Fig.  2B) 
possesses  large  spherical  pores  which  are  uniformly  distributed  throughout  the 
body. 

The  reason  for  the  spherical  pores  present  in  the  fired  composites  was  not  clear 


Fig.  2.  Fracture  surfaces  of  0-3  piezoelectric-glass  composites  of  41  vol%  ceramic  fired  for  60  minutes 
A  at  4S0°C  and  B  at  480°C. 
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but  may  be  attributed  to  the  rapid  entrapment  of  air  bubbles  inside  the  body  due  to 
rapid  flow  at  the  sample  surface  preventing  the  escape  of  the  air  in  pores.  At  490‘’C, 
expansion  of  the  air  bubbles  in  the  samples  was  made  easier  due  to  the  low  viscosity 
of  the  glass,  resulting  in  larger  pores  (~30/im).  From  this  firing  study,  it  is  sug¬ 
gested  that  the  firing  temperature  should  be  limited  to  a  narrow  range  around  the 
softening  point  of  the  glass,  i.e.,  440°C  in  this  work. 

The  effect  of  the  amount  of  the  piezoelectric  ceramic  on  firing  at  4S0‘’C  of  the  0- 
3  piezoelectric-glass  composites  is  presented  in  Fig.  3.  As  the  piezoelectric  ceramic 
content  increased,  the  fired  density  decreased.  The  observed  strong  dependence  of 
densification  upon  the  glass  content  in  the  piezoelectric-glass  composites  was  in 
good  agreement  with  the  aluinina-glass  composites  (11).  Relatively  dense  (>93% 
theoretical)  composites  with  up  to  —  SO  voi%  ceramic  could  be  obtained.  However, 
this  level  of  ceramic  loading  in  the  piezoelectric-glass  0-3  composites  is  relatively 
low  compared  to  the  --  70  vol%  achievable  in  0-3  polymer  composites.**-’’ 

3.2  Dielectric/ piezoelectric  properties 

The  dielectric  constant  K  (unpoled)  of  0-3  composites  of  41  vol%  ceramic  was 
determined  to  be  -  48,  which  is  close  to  the  calculated  value  ( -  42)  based  on  the 
logarithmic  mixing  rule*'*’  from  known  values  of  14  and  200  for  the  glass  and  the 
ceramic,  respectively.  As  a  function  of  temperature,  both  dielectric  constant  and 
loss  exhibited  maxima  near  the  Curie  temperature  of  the  modified  PbTiOj  (i.e., 
320®C).  The  transition  could  only  be  observed  at  high  frequencies  due  to  conduc- 


Fig.  3.  Fired  density  (percent  theoretical)  of  the  0-3  piezoelectric-glass  composites  as  a  function  of  the 
amount  of  piezoelectric  ceramic,  hred  for  60  minutes  at  4S0*C. 
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tion  mechanism  contributing  to  loss.  Along  with  XRD  data,  the  same  Curie  temper¬ 
ature  as  that  of  the  starting  piezoelectric  ceramic  indicated  little  chemical  interac¬ 
tion  between  the  ceramic  and  the  glass  during  firing.  The  dielectric  constant  at  the 
Curie  temperature  was  found  to  be  only  90  (at  1  KHz),  which  is  very  tow  compared 
to  ~70(X)  of  the  piezoelectric  bulk  ceramic."***  The  sharp  increase  in  dielectric  con¬ 
stant  of  the  composite  above  Curie  temperature  of  the  piezoelectric  ceramic  is  at¬ 
tributed  to  the  high  conductivity  of  the  glass  as  indicated  by  the  large  dielectric  loss 
above  Curie  temperature.  Figure  4  presents  the  dielectric  constant  and  loss  curves 
drawn  up  to  2S0°C  to  show  the  dielectric  losses  clearly.  As  shown,  the  dielectric 
tosses  of  0-3  piezoelectric-glass  composites  were  much  lower  than  that  of  the 
piezoelectric  bulk  ceramic  over  a  very  wide  temperature  range  (see  Table  1),  i.e., 
O.OS  vs  0.2  at  2S0°C  (at  1  KHz),  respectively. 

The  poling  temperature  was  found  to  be  limited  to  below  300°C  due  to  conduc¬ 
tivity.  Figure  5  shows  the  measured  piezoelectric  dj}  values  as  a  function  of  the 
amount  of  piezoelectric  ceramic.  Piezoelectric  dn  values  of  the  composites  increas¬ 
ed  almost  linearly  from  5  to  15  x  10~'^  C/N  with  increasing  amount  of  piezoelectric 
ceramic.  The  piezoelectric  ^33  coefficients  were  calculated  to  be  in  the  range  of 
13-20  X  10"*  Vm/N.  The  dielectric  and  piezoelectric  properties  of  the  0-3  piezoelec¬ 
tric-glass  composites  are  presented  in  Table  2,  together  with  those  of  other  related 
composites,  i.e.,  grain-oriented  polar  glass  ceramics  and  PbTiOs-polymer  0-3 
composites,  for  comparison.  The  measured  du  values  of  the  piezoelectric-glass 
composites  were  relatively  low  compared  with  those  of  polymer  composites  but 
comparable  to  those  of  polar-glass  ceramics.*'*  The  low  dn  values  of  the  piezoelec¬ 
tric-glass  composites  were  believed  to  be  attributable  to  the  limited  poling  efficiency 


Fig.  4.  Dielectric  constants  and  losses  of  the  0-3  piezoelectric-glass  composite  of  41  vol%  ceramic, 
fired  for  60  minutes  at  4S0*C,  as  a  function  of  temperature  and  frequency. 
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VoI%  piezoelectric  ceramic 

Fig.  S.  Piezoelectric  </,]  coefficienis  of  the  0-3  piezoelectric-glass  composites  fired  for  60  minutes  at 
450‘'C,  as  a  function  of  piezoelectric  ceramic  content. 


Table  2 

Dielectric  and  piezoelectric  properties  of  various  piezoelectric  composites. 


Material 

K  (RT,  1  kHz) 

D(%) 

d„(x)0''’C/N) 

g„(xl0*’Vm/N) 

Piezo/glass 

0-3  composites 

41  vol% 

poled 

45 

1.0 

-5 

-13 

unpoled 

4g 

1.0 

49  vol% 

poled 

52 

l.l 

-8 

-17 

unpoled 

55 

1.2 

Polar-glass  ceramics*" 

-10 

<0.1 

-8-10 

-100 

PbTiOj/ polymer 

0-3  composites’" 

-70vol% 

-60 

>5 

-30 

-20 

due  to  the  low  DC  resistivity  at  those  temperature  ranges  where  poling  was  carried 
out,  i.e.,  /72jj  =  10'*  ’  and  ^2io=10*ohm-cm.*'’’  In  addition,  some  kind  of  clamping 
of  the  piezoelectric  particles  by  the  stiff  glass  matrix  may  limit  the  poling  of  the 
piezoelectric-glass  composites. 


I 

I 

I 

I 

I 
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4.  Summary  and  Future  Work 

1 .  U  was  demonstrated  that  a  new  type  of  0-3  piezoelectric-glass  composite  could 
be  obtained  by  firing  of  a  mixture  of  piezoelectric  ceramic  and  glass  powders. 

2.  The  firing  temperatures  of  the  0-3  piezoelectric-glass  composites  were  found  to 
be  limited  around  the  softening  point  of  the  glass  (i.e.,  440°C)  due  to  the  increased 
porosity  at  higher  temperatures. 

3.  Firing  of  0-3  piezoelectric-glass  composites  was  also  found  to  depend  on  the 
amount  of  glass  content,  i.e.,  >51  vol%  glass  in  this  composition  for  dense  com¬ 
posites  (i.e.,  >93%  theoretical  density). 

4.  Poled  dense  piezoelectric  composites  (i.e.,  49vol%  ceramic)  showed  gn 
coefficients  of  -  17  x  lO'^  Vm/N,  and  rfu  values  (- 8  x  10“'*  C/N)  which  were  rela¬ 
tively  low  compared  to  those  of  polymer  composites  but  comparable  to  those  of 
polar-glass  ceramics. 

5.  Further  optimization  of  the  composite  properties  may  be  achieved  through 
particle  size  variation  of  the  piezoelectric  ceramic  powder  and  its  effect  on  firing, 
selection  of  glass  compositions  to  allow  ease  of  poling  (i.e.,  higher  resistivity  near 
the  Curie  point  of  the  piezoelectric  ceramic)  and  densification,  and  methods  to  incor¬ 
porate  more  piezoelectric  ceramic  content.  Also,  high-temperature  piezoelectric  pro¬ 
perty  measurements  are  required  to  characterize  these  materials  to  determine  their 
use  temperature  range. 
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Acoustic  Properties  of  Particle/Polymer  Composites 
for  Ultrasonic  Transducer  Backing  Applications 

MARTHA  G.  GREWE,  T.  R.  GURURAJA.  THOMAS  R.  SHROUT,  and  ROBERT  E.  NEWNHAM 


Abstract— Titt  acouslk  impedance  and  altenualion  in  composites 
made  of  partkic  fiikrs  ioaded  in  poiymer  mairkes  for  transducer 
backing  applkathms  is  explored.  The  acoustk  impedance  of  tungsten/ 
vinyl  composites  was  modeled  and  an  experimental  matrix  identifying 
variables  that  contribute  to  composite  attenuation  was  established.  The 
variables  included  the  partkie  type,  the  partkk  size  and  volume  frac¬ 
tion  of  a  flikr,  the  pbyskal  characteristks  of  the  polymer  matrix,  and 
the  processing  route  that  determined  the  composite  connectivity.  Ex¬ 
perimental  results  showed  that  with  an  increase  in  Slier  partkk  size 
or  a  decrease  in  volume  fraction  of  HIkr,  there  is  an  increase  in  com¬ 
posite  attenuation.  Overall,  the  various  types  of  Stkr,  the  polymer  ma¬ 
trix.  and  the  interface  between  the  two  contribute  to  attenuation  in  the 
composite  as  conSrmed  by  the  acoustic  properties  and  the  mkrostruc- 
tural  analysis. 


1.  Introduction 

HE  ACTIVE  PART  of  an  ultrasonic  transducer  typi¬ 
cally  has  a  low  ultrasonic  absorption  that  causes  it  to 
ring  when  the  tranducer  is  excited.  While  the  transducer 
is  ringing,  the  long  pulse  durations  degrade  the  axial  res¬ 
olution  or  the  ability  to  distinguish  between  different 
structures  along  the  axis  of  the  transducer.  The  waveform 
can  be  damped  by  attaching  an  acoustically  absorbing  ma¬ 
terial  on  the  back  of  the  transducer  that  couples  the  ultra¬ 
sonic  energy  out  of  the  active  element.  Ideally,  this  back¬ 
ing  material  should  provide  high  attenuation  and  it  should 
match  the  acoustic  impedance  of  the  transducer  for  effi¬ 
cient  coupling  [1],  (2).  If  the  acoustic  impedance  of  the 
backing  is  close  to  that  of  the  transducer,  most  of  the  ul¬ 
trasonic  energy  will  be  coupled  into  the  backing.  As  a 
result,  the  transducer  will  have  a  shorter  pulse  duration 
with  decreased  sensitivity.  By  using  a  backing  with  a 
lower  acoustic  impedance,  greater  sensitivity  is  achieved 
because  less  energy  is  absorbed  into  the  backing  [3].  Un¬ 
fortunately,  the  transmitted  and  received  pulses  are  longer 
due  to  increased  ringing  in  the  transducer.  A  compromise 
must  be  made  in  choosing  the  acoustic  impedance  of  the 
backing  (2). 

The  two  most  important  materials  parameters  of  ultra¬ 
sonic  transducer  backings  are  the  acoustic  impedance  and 
the  attenuation.  The  acoustic  impedance  of  the  backing 
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for  piezoelectric  ceramic  transducer  materials  generally 
range  from  a  high  value  of  approximately  30  MRayl  to  a 
low  value  of  2  to  4  MRayl,  depending  on  the  transducer 
design  [4].  Attenuation  is  the  loss  of  acoustical  energy 
and  is  mainly  due  to  two  mechanisms;  1)  scattering  of 
acoustic  energy  (Rayleigh,  diffusion,  and  stochastic)  and 
2)  absorption  losses  from  thermoelastic  effects,  inelastic 
hysteresis,  relaxation,  and  dislocation  damping  [5]-[7]. 

In  the  past,  backings  have  been  composed  of  a  filler  in 
a  polymer  matrix  [2],  [8],  [9).  The  backings  have  imped¬ 
ances  that  are  matched  to  the  PZT  type  piezoelectric 
material  (about  30  MRayl)  and  are  typically  made  of 
composites  of  tungsten  and  an  epoxy  resin  or  rubber  [9]. 
These  backings  typically  have  high  specific  densities  and 
thus  have  been  named  accordingly,  “heavy  backings." 
In  order  to  match  the  impedance  of  PZT,  about  60  volume 
percent  loading  of  tungsten  is  required  [1],  [10].  Light 
backings  that  possess  relatively  low  acoustic  impedance 
have  been  fabricated  from  epoxy  or  rubber. 

An  important  aspect  to  explore  in  composite  attenuation 
is  the  role  of  the  polymer  matrix  and  filler  phases,  espe¬ 
cially  those  properties  that  contribute  to  acoustic  loss  in 
the  composites  [10].  For  example,  the  acoustics  loss  in 
polymers  is  dependent  on  the  degree  of  crystallinity;  with 
an  increase  in  crystallinity,  there  is  typically  a  decrease 
in  attenuation.  Similarly,  acoustical  loss  decreases  with 
increasing  cross-linkage  [7],  [II]. 

In  the  case  of  solid  specimens  of  metals  or  ceramics, 
an  inhomogeneity  in  the  material  will  cause  scattering  of 
ultrasonic  waves  determined  by  the  difference  in  density 
and  elastic  modulus  from  the  surrounding  media  [12], 
[13].  In  a  similar  way,  fillers  in  a  polymer  matrix  contrib¬ 
ute  to  the  attenuation  depending  on  the  particle  size, 
shape,  and  the  acoustic  impedance  relative  to  the  polymer 
matrix. 

Another  important  contributor  to  attenuation  in  com¬ 
posites  is  the  interaction  between  the  polymer  and  filler. 
One  study  cited  poor  adhesion  between  the  filler  and  ma¬ 
trix  as  causing  loss  mechanisms  that  included  scattering, 
antiphase  vibrations,  and  interfacial  friction  [14]. 

The  main  purpose  of  this  study  has  been  to  develop  an 
understanding  of  these  various  contributions  to  composite 
attenuation  to  aid  in  optimization  of  the  material  compo¬ 
sitions  for  ultrasonic  transducer  backings.  The  study  ex¬ 
plores  modeling  methods  and  experimental  verification  of 
the  acoustic  impedance.  Experimental  results  demonstrat- 
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ng  the  importance  of  polymer  phase,  filler  type,  particle 
lize,  volume  fractions  of  each  phase,  and  fabrication 
routes  are  reported.  In  the  end,  various  trends  are  identi¬ 
fied  and  a  better  understanding  of  composite  attenuation 
is  developed. 

II.  Modeling  of  Composite  Acoustic  Impedance 

When  exploring  modeling  of  composites,  it  is  impor¬ 
tant  to  understand  how  the  various  phases  are  intercon¬ 
nected  and  their  effects.  Each  phase  in  a  composite  is  con¬ 
nected  in  either  one,  two,  or  three  dimensions,  or  not 
connected  at  all,  which  can  be  described  by  the  term  con¬ 
nectivity  and  its  nomenclature  developed  by  Newnham 
[IS].  Composites  containing  a  small  amount  of  filler  in  a 
polymer  matrix,  as  in  this  study,  have  a  0-3  connectivity 
pattern  in  which  the  “0"  phase  is  the  filler  material  which 
is  not  self  connected  in  any  dimension  and  the  “3”  phase 
is  the  polymer  matrix  that  is  interconnected  in  all  three 
dimensions  [IS]. 

The  velocity  of  a  longitudinal  sound  wave,  c^,  is  related 
to  the  mechanical  properties  of  the  medium  through  the 
expression 

-(-:r 

where  K  is  the  elastic  bulk  modulus,  p  is  the  density  [4], 
and  the  acoustic  impedance  Z  is  related  to  the  elastic  prop¬ 
erties  by 

Z  =  (Afpf*.  (2) 

The  density  of  a  two  phase  system  increases  steadily 
with  the  increase  in  volume  percent  of  filler  and  can  be 
calculated  as 

Pcomposiie  ~  Ppinicic  ^panicle  Ppolymet  l^polymer  ( ^  ) 

where  p  is  the  density  and  V  is  the  volume  fraction  of  each 
phase. 

When  describing  the  elastic  properties  of  two  pha.se 
composites,  three  different  models  are  most  commonly 
examined:  the  Reuss,  Voigt,  and  logarithmic  models  [16]. 
The  two  extremes  are  the  lower  bound  Ruess  Model  which 
assumes  constant  stress  throughout  the  solid  and  the  upper 
bound  Voigt  Model,  which  assumes  constant  strain  in  the 
solid.  The  lower  bound  corresponds  to  a  parallel  connec¬ 
tion  and  is  defined  as 

/rcompo,H*(R«.ss,  = 

where  Ky  and  Ki  are  the  elastic  bulk  modulus  of  each  phase 
and  and  1^2  the  volume  fractions  of  each  phase.  The 
upper  bound  corresponds  to  a  series  of  connection  as 
shown  here: 

^compojite(Voi|t)  “  (5) 

The  logarithmic  model  is  an  empirical  model  that  falls 
between  the  two  extremes  and  is  defined  as 

In  In  {K,)  +  Vj  In  (ATj).  (6) 


Volume  Fraction  of  Tun|siefi 

Fig.  1.  Acoustic  impedance  models.  Z  =  VpA  A  0.5.  ♦  shows  Voigt 

K.  shows  Logarithmic  K.  shows  Reuss  K.  — O—  shows 

actual  Z  data.  Log  >  *. 

For  this  study,  the  bulk  modulus  at  a  particular  volume 
fraction  was  estimated  using  all  three  models  and  then 
multiplied  by  the  composite  density  to  calculate  the 
impedance  at  that  volume  fraction.  The  composites  which 
were  modeled  were  composed  of  tungsten  particles  in 
vinyl  matrices.  The  models  were  compared  to  results  from 
Lees  et  al.  and  are  shown  in  Fig.  1  [17].  The  values  for 
the  material  properties  are  as  follows:  Z,u„g„e„  =  103  x 
I0‘  Rayl,  Zvinyi  =  2.3  x  10‘  Rayl,  c,u„gs,en  =  5400  m/s, 
Cviny,  =  2000  m/s,  ATiungsien  =  5.65  X  10"  N/m^  ATvjny, 
=  5.0  X  lO’  N/m^.  Similar  results  have  been  calculated 
for  tungsten/araldite  composites  [1],  [2],  [18]. 

The  most  accurate  fit  or  closest  approximation  was 
found  to  be  the  impedance  calculated  with  the  Reuss  Bulk 
Modulus  ((4))  and  the  composite  density  ((3)).  Thus,  from 
this  point  on,  the  acoustic  impedance  will  always  be  es¬ 
timated  using  this  model  calculated  using  (2). 

III.  Experimental  Design 

The  experimental  part  of  this  study  was  divided  into 
four  groups  of  samples;  1 )  pure  polymer  samples,  2)  com¬ 
posites  made  of  the  same  filler,  but  various  polymer 
phases,  3)  composites  composed  of  different  fillers,  yet 
the  same  polymer  phase,  4)  composites  fabricated  by  dis¬ 
similar  processing  routes  to  create  microstructures  with 
different  connectivity  patterns.  Each  group  of  samples 
were  fabricated  and  their  acoustic  properties  and  micro- 
structures  were  observed. 

A.  Fabrication  of  Samples 

Typical  thermoplastic  and  thermoset  polymers  used  in 
engineering  applications  were  processed  into  samples 
using  the  most  appropriate  route  for  each  polymer.  Table 
I  lists  these  polymers.  The  thermoplastics  were  warm 
pressed  into  two  inch  disks.  The  solution  theimosets  and 
rubbers  were  poured  into  40-mm-diameter  sample  holders 
and  cured  according  to  the  manufacturer's  recommended 
directions. 

The  composites  with  the  same  filler  (5-iim  tungsten 
powder),'  but  various  polymers  were  fabricated  using  dif- 


'Teledyne  Wih  Chang,  Huntsville,  AL. 


308 


IEEE  TRANSACTIONS  ON  ULTRASONICS.  FERROELECTRICS.  AND  FREQUENCY  CONTROL.  VOL.  37.  NO.  6.  NOVEMBER  I 


TABLE  I 

Listing  of  Polymers  Measured  in  the  Attenuation  Study 


Polymer 

Classification  of  the  Polymer 

Company 

High  density  Polyethylene 

Purely  aliphatic,  nonpolar 
crystalline  thermoplastic 

Philips  Chemical 

Polylmethyl  methacrylate) 

Amorphous  thermoplastic 

Rohm  and  Haas 

Polypropylene 

Purely  aliphatic,  nonpolar 
semicrystalline  thermoplastic 

Hercules,  Inc. 

Polytbutylene  terephthalate) 

Semicrystalline  thermoplastic 

Shell  Chemical 

Polycarbonate 

Polyurethane 

Engineering  thermoplastic 

Dow  Chemical 

CA  118 

Linear,  hydroxyl  terminated 
polyester  urethane  thermoplastic 

Morton  Chemical 

CA  128 

Linear,  hydroxyl  terminated 
urethane  thermoplastic 

Morton  Chemical 

Estane  Polyester 

Epoxy 

Ester  urethane  thermoplastic 

B.F.  Goodrich 

Spurr  epoxy 

Organic  glass— tliermoset 

Poly  sciences.  Inc. 

Eccogel  1365-80 

Silicone  rubber 

Organic  glass— theimoset 

Emerson  and 
Cumming 

Dispersion  236 

Rubber 

Dow  Coming 

RTV-I4I 

Rubber 

Rhone-Poulenc,  Inc. 

ferent  processing  routes  depending  on  the  polymer  type. 
The  thermoplastic  composites  were  fabricated  by  homo¬ 
geneously  mixing  the  tungsten  powder  in  a  Brabender  high 
temperature  shear  mixer  (Model  #SP-TP25).^  The  mix¬ 
tures  were  next  warm  pressed  into  2S-mm-diameter  slugs 
at  temperatures  governed  by  the  polymer.  The  solution 
thermosets  were  hand  mixed  with  the  tungsten  powder  in 
a  40-mm-diameter  sample  holder  and  then  cured.  All  of 
the  composites  were  hand  polished  using  various  grit  pol¬ 
ishing  paper  to  form  flat  surfaces. 

Composites  with  the  same  polymer  phase  (Spun- 
epoxy),^  but  different  fillers  were  also  fabricated.  Spun- 
epoxy  was  chosen  for  its  low  viscosity  and  low  attenua¬ 
tion.  The  multiple  composites  had  varying  volume  frac¬ 
tions  between  5  and  40  volume  percent  of  filler  and  par¬ 
ticle  sizes  ranging  from  0.3  ^m  to  SO  fim  of  various  fillers: 
tungsten,'  lead  zirconate  titanate  (PZT),^  and  alumina 
(AI2O,  )-^  First,  the  desired  amount  of  powder  was  hand 
mixed  with  low  viscosity  Spurr  epoxy  in  a  40-mm-diam¬ 
eter  sample  holder  and  then  cured.  The  samples  were  next 
removed  from  the  sample  dish  and  polished  to  an  even 
thickness. 

Two  additional  processing  routes  were  used  to  fabricate 
composites  with  microstructures  with  different  connectiv¬ 
ities.  In  one  process,  tungsten  powder  with  an  average 
particle  size  of  5  /im  was  hot  uniaxially  pressed  (HUP)  in 
a  nitrogen  atmosphere.  The  pellets  were  partially  sintered 
so  that  the  porosity  remained  interconnected.  The  final 
sintered  pellets  were  then  vacuum  impregnated  with  Spurr 
epoxy  and  polished  to  even  thicknesses. 

"C.  W.  Bfibender.  NJ. 

'Polysciences.  Inc..  Warrington.  PA. 

^Ultrasonics.  Inc..  South  Plainfield.  NJ. 

'Buehler,  LTD.  Evanston.  IL. 


In  the  second  process,  the  filler  powder  and  poly(methyl 
methacrylate)  (PMMA)  microspheres  ^  were  mixed  with  a 
polyvinyl  alcohol  (PVA)  binder  for  adhesion  and  then  cold 
pressed  into  pellets.  The  samples  were  then  placed  in  a 
furnace  to  remove  the  PVA  and  PMMA  microspheres 
during  a  burn-out  cycle  at  5()0°C  for  one  hour  and  then 
the  temperature  was  raised  to  1 1()0'’C  for  one  hour  to  start 
the  sintering  process.  A  porous  network  with  3-3  connec¬ 
tivity  would  be  developed.  The  process  is  referred  to  as 
burnable  polymeric  spheres  (BURPS).  The  final  pellets 
were  then  vacuum  impregnated  with  Spurr  epoxy  and  pol¬ 
ished.  Ideally,  a  uniform  two  phase  composite  micro¬ 
structure  made  of  the  filler  and  Spurr  epoxy  would  be 
created. 

B.  Experimental  Testing 

The  density  of  each  composite  was  calculated  by  mea¬ 
suring  the  volume  and  weight.  The  actual  volume  fraction 
of  filler  was  then  calculated  with  the  assumption  that  no 
voids  were  present.  Next,  the  velocity  through  each  com¬ 
posite  was  calculated  by  measuring  the  time  of  flight  of  a 
sound  wave  through  each  sample  by  sandwiching  the 
sample  with  ultrasonic  coupling  gel  between  the  trans¬ 
mitter  and  receiver  tranducers.  The  velocities  were  mea¬ 
sured  at  1,3,  and  S  MHz.  The  experimental  values  of  the 
acoustic  impedance  were  obtained  by  multiplying  the 
densities  with  the  velocities. 

Attenuation  was  measured  by  the  insertion  loss  tech¬ 
nique  that  compares  the  transmission  through  the  sample 
to  the  transmission  without  a  sample  present.  Two  fo¬ 
cused  S-MHz  transducers,  a  transmitter  and  receiver,  were 
used  for  the  measurement  as  shown  in  the  experimental 
arrangement  in  Fig.  2  [10].  With  this  method,  the  ampli¬ 
tude  of  the  pulse  received  with  and  without  the  sample 
present  are  measured.  The  amplitude  of  the  pulse  with  the 
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Fig.  2.  Attenuaiion  measurement  scheme. 


TABLE  It 

Average  Acoustic  Properties  of  the  Tungsten  ( <  3  jim )  Filled  Polymer  Composites  at  5  MHz 


Polymer 

Pure  Polymer 

Composites 

Impedance  Z 
(MRayl) 

Attenuation 

(dB/cm) 

Volume  % 
Tungsten 

Impedance  Z 
(MRayl) 

Attenuation 

(dB/cm) 

Spurr  epoxy 

2.5 

19 

19.3  ±  0.5 

7.2  ±  0.1 

36  ±  2 

Eccogel  1365-80  epoxy 

2.5 

120 

20.6 

6.5 

175 

CA-1 18  Polyurethine 

2.1 

24 

18.7  ±  0.5 

6.9  ±  0.1 

48  -t-  1 

CA-128  Polyurethane 

2.0 

37 

18.7  ±  0.4 

6  0  ±  0.2 

94  ±  7 

Esiane  Polyurethane 

2.1 

27 

18.5  ±  0.8 

6.6  ±  0.1 

64  ±  0 

Polyethylene 

1.7 

9 

18.7  ±  0.2 

6.9  ±  0.0 

68  ±  14 

Poly  (methlyl 

methacrylate) 

2.5 

7 

22.0  ±  0.2 

9.1  ±  0.0 

41  ±  2 

Polypropylene 

1.7 

28 

18.8  ±  0.6 

7.2  ±  0.2 

38  ±  2 

Poly  (butylene 

terephthalate) 

2.4 

54 

21.7 

8.9 

58 

Polycarbonate 

2.0 

24 

23.0  ±  0.4 

7.8  ±  0.1 

34  ±  4 

Dispenion-236  rubber 

2.1 

139 

RTV-UI  robber 

l.l 

14 

sample  present  is  corrected  for  the  reflection  loss  at  the 
sample-water  interfaces.  Thus,  by  comparisons  of  the  am¬ 
plitude  of  the  pulses,  the  attenuation  was  determined. 

IV.  Acoustic  Property  Results 
A.  Single  Phase  Polymer  Samples 
The  results  of  the  acoustic  properties  of  the  pure  poly¬ 
mer  samples  are  summarized  in  the  first  two  columns  of 
Table  II.  The  pure  polymer  samples  had  very  similar 


acoustic  impedances  that  ranged  from  1.1  to  2.5  MRayl. 
In  contrast,  the  attenuation  values  had  a  much  broader 
range  from  7  to  139  dB/cm.  A  comparison  of  the  polymer 
structures  indicated  that  the  most  attenuating  polymers 
measured  (Eccogel  1365-80  and  Dispersion-236)  have 
very  elastic  matrices  since  they  are  both  lightly  cross- 
linked  network  structures.  On  the  other  end,  the  least  at¬ 
tenuating  polymers  (polyethylene,  PMMA,  and  RTV-141) 
have  rather  dissimilar  structures.  Polyethylene  has  a  crys- 
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talline  structure,  PMMA  is  amorphous,  while  RTV-141 
is  a  rubber.  By  comparing  the  two  epoxies,  Spurr  epoxy 
(a  heavily  cross-linked  structure)  and  Eccogel  (a  lightly 
cross-linked  structure),  the  data  confirmed  the  expecta¬ 
tions  that  a  decrease  in  cross-linkage  increases  attenua¬ 
tion. 

B.  Same  Filler/Different  Polymer  Composite 

As  discussed  earlier,  attenuation  in  a  composite  is  re¬ 
lated  to  three  main  factors:  the  polymer  matrix,  the  filler, 
and  the  interface  between  the  two.  For  this  part  of  the 
study,  the  5-p  tungsten  was  the  filler  in  all  of  the  samples 
and  the  attenuation  contributions  from  the  pure  polymer 
have  been  previously  determined.  Thus,  the  main  obser¬ 
vation  in  this  part  of  the  study  was  the  contribution  of  the 
interface  to  attenuation  which  would  include  characteris¬ 
tics  such  as  wettability.  It  should  be  noted  that  since  the 
polymer  was  the  major  phase  (80  volume  percent),  all  of 
the  composites  in  this  part  of  the  study  were  assumed  to 
have  a  0-3  connectivity,  which  would  mean  that  each  par¬ 
ticle  was  surrounded  by  the  polymer  matrix. 

Table  II  lists  the  acoustic  property  results  of  both  the 
pure  polymer  samples  and  the  tungsten-filled  composites 
to  help  establish  some  comparison  between  the  systems. 
The  results  for  the  tungsten-filled  polymer  composites 
showed  that  the  Eccogel-80  and  CA-128  polyurethane 
composites  were  the  most  attenuating.  Yet,  the  increase 
in  attenuation  between  the  polymer  samples  and  the  com¬ 
posites  was  not  the  largest  increase.  On  the  other  extreme, 
the  least  aticmialing  polymer  samples  (PMMA  and  poly¬ 
ethylene)  had  piopoitioiially  the  laigc.st  change  in  alien 
nation  when  the  filler  was  added.  In  another  case,  the 
tungsten-filled  polycarbonate  and  Spurr  epoxy  composites 
were  the  least  attenuating,  yet  their  unfilled  polymer  sys¬ 
tems  displayed  average  amounts  of  attenuation.  This 
shows  that  the  adhesion  between  the  polymer  and  particle 
also  contributes  to  attenuation  in  a  composite. 

To  help  in  the  understanding  of  nttenunlion.  the  micro¬ 
structures  were  examined.  The  composites  were  cut  by  a 
diamond  saw  and  polished  using  diamond  polishing  paste 
and  then  observed  using  a  scanning  electron  microscope. 
Each  microstructure  had  a  characteristic  appearance, 
however  there  were  two  distinct  types  of  structures  that 
are  shown  in  the  example  micrographs  in  Figs.  3  and  4. 
Fig.  3  shows  the  CA-128  polyurethane  composite  which 
had  a  high  attenuation  value  (94  dB/cm  at  5  MHz).  The 
polyurethane  appeared  to  coat  the  tungsten  particles,  yet 
the  particles  looked  as  if  they  could  shift  within  the  ma¬ 
trix.  Whereas,  Fig.  4  is  a  micrograph  of  a  PMMA  com¬ 
posite  that  had  a  low  attenuation  value  (41  dB/cm  at  S 
MHz).  The  particles  appeared  to  be  fixed  in  the  PMMA 
matrix. 

In  conclusion,  the  bond  between  the  particle  and  the 
polymer  plays  an  important  role  in  the  attenuation  of  the 
composites.  If  the  adhesion  between  the  polymer  and  the 
particle  is  strong,  the  particle  is  unable  to  vibrate  freely 
when  the  ultrasonic  wave  is  incident  on  the  particle.  Thus, 
the  attenuation  should  be  low  due  to  less  interfacial  fric- 


Fig.  3.  SEM  of  18.7  volume  percenl  l-fim  tungsten  -  81.3  volume 
percent  CA-128  polyurethane. 


Pig.  4.  SEM  of  22.0  volume  percent  l-rim  tungsten  -  78.0  volume 
percent  PMMA. 

lion.  However.  If  it  is  a  weak  tH>iul.  the  particle  may 
vibniic  wliicli  may  ciiiisc  liicliim  aiul  iIumi  alvsoipiioit  of 
energy  into  the  polymer  matrix  that  would  increase  atten¬ 
uation. 

C.  Different  Filler/Same  Polymer  Composites 

Multiple  0-3  composite  samples  composed  of  Spurr 
epoxy  and  various  fillers  were  fabricated  and  tested  as 
.shown  in  Tables  III-V.  Since  Spurr  epoxy  has  a  fairly  low 
attenuation,  the  effects  of  the  particle  size,  volume  liuc- 
tion  and  filler  powder  chuructcristics  were  determined 
using  Spurr  epoxy  as  the  matrix.  The  average  values  at 
S  MHz  and  standard  deviations  are  listed  in  the  tables. 
The  standard  deviation  of  the  measured  acoustic  imped¬ 
ance  ranged  from  <1%  to  8%  of  the  average  values, 
while  the  standard  deviation  of  the  attenuation  coefficient 
had  a  much  broader  range  of  values  ranging  from  S%  to 
20%.  The  reasoning  for  the  difference  was  the  accuracy 
level  of  the  attenuation  measurement  and  the  presence  of 
possible  defects  such  as  porosity  in  the  different  compos¬ 
ites. 

The  acoustic  impedance  values  that  were  calculated 
using  the  model  are  also  listed  in  the  tables.  The  calcu¬ 
lated  impedances  of  the  composites  with  20  volume  per¬ 
cent  filler  or  less  were  consistent  with  the  measured  val¬ 
ues.  Yet,  the  impedances  calculated  for  composites  with 
increasing  volume  fraction  of  filler  (>20  volume  per¬ 
cent)  are  increasingly  lower  than  the  measured  imped¬ 
ances. 
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TABLE  III 

Avriiagr  Acoustic  Properties  of  Tunosten/Spurr  Epoxy  Composites 


Filler 

Averages  -• 
Volume% 

Measured 
Impedance 
( MRayl ) 

Calculated 
Impedance 
( MRayl ) 

Attenuation 
at  5  MHz 
(dB/cm) 

Spurr  Epoxy 

too 

2.5 

19 

Tungsten 

100 

103 

Tungsten 

10.6  ±  0.7 

4.9  ±  0.2 

5.0 

45  ±  8 

1  fim 

18.8  ±  0.6 

7.0  ±  0.2 

6.5 

40  ±  5 

3  fim 

11.2  ±  1.2 

5.1  ±0.4 

5.1 

19.6  ±  0.4 

7.0  ±  0.2 

6.7 

47  ±  8 

28.2  ±  0.6 

9.7  ±  0.2 

8.0 

39  ±  6 

5  fim 

9.9  ±  0.3 

4.7  ±  0.2 

4.9 

69  ±  12 

18.9  ±  0.7 

6.7  ±  0.3 

6.5 

65  ±  8 

31.9  ±  0.7 

10.8  ±  0.4 

8.7 

42  ±  5 

SO  fim 

36.4  ±  0.9 

12.8  ±  0.2 

9.4 

246  ±  17 

40. 1  ±  0.9 

14.6  ±  0.7 

10.2 

178  ±  17 

TABLE  IV 

Average  Acoustic  Properties  of  PZT/Spurr  Epoxy  Composites 


Filler 

Averages  -• 
Volume  % 

Measured 

Impedance 

(MRayl) 

Calculated 

Impedance 

(MRayl) 

Attenuation 
at  5  MHz 
(dB/cm) 

Spurr  Epoxy 

100 

2.5 

19 

PZT 

100 

30 

PZT 

1.5  fim 

9.8  ±  0.5 

3.4  ±  0.1 

3.8 

61  ±  12 

19.0  ±  0.6 

4.4  ±  0.1 

4.5 

61  ±  8 

27.8  ±  0.7 

6.1  ±0.1 

5.4 

34  ±  4 

37.0  ±  l.l 

7.5  ±  0.2 

6  4 

35  ±  6 

>75  fim 

28.6 

6.6 

5  5 

164 

TABLE  V 

Average  Acoustic  Properties  of  Alumina/Spurr  Epoxy  Composites 


Filler 

Averages  -* 
Volume  % 

Measured 
Impedance 
( MRayl ) 

Calculated 
Impedance 
( MRayl ) 

Attenuation 
at  5  MHz 
(dB/cm) 

Spurr  Epoxy 

100 

2.5 

19 

Alumina 

100 

25 

Alumina 

0.3  fim 

5.8  ±  0.6 

3.3  ±  0.1 

3.2 

38  ±  6 

1 .0  fim 

11.8  ±  0.8 

4.0  ±  0.1 

3.6 

36  ±  4 

3.0 

3.9  ±  0.3 

2.6  ±  0.0 

3.0 

40  ±  6 

10.4  ±  0.5 

3.1  ±  0.0 

3.5 

25  ±  3 

12.5  fim 

4.4  ±  0.9 

2.6  ±  0.1 

3.1 

3.5  ±  9 

10.8  ±  0.4 

3.1  ±  0.0 

3.5 

23  ±  2 

40.6  ±  1 .0 

7.0  ±  0.2 

5.4 

22  ±  2 

Some  fabrication  variations  occur  when  mixing  the 
composites  thus  making  it  difficult  to  compare  between 
the  various  types  of  fillers.  There  was  a  maximum  volume 
fraction  (20  volume  percent)  of  the  fine  tungsten  particles 
( 2  5  /ixi )  that  could  be  added  to  the  epoxy  due  to  the 
particles'  high  surface  areas  that  caused  the  viscosity  to 


inciease.  Futhermore,  the  composites  with  the  large  par- 
tides  tended  to  have  settling  problems  which  made  it  dif¬ 
ficult  to  fabricate  low  filler  volume  composites. 

A  plot  of  the  frequency  dependence  of  attenuation  of 
pure  Spurr  epoxy  and  tungsten,  PZT,  and  alumina-filled 
composites  is  shown  in  Fig.  5.  The  slope  of  frequency 
dependence  of  attenuation  is  higher  for  the  composites 
compared  to  the  pure  epoxy  sample  due  to  the  attenuation 
contribution  from  the  fillers.  Most  of  the  impedance  val¬ 
ues  were  nearly  independent  of  frequency. 

Table  III  lists  the  acoustic  properties  of  the  tungsten- 
filled  composites.  In  order  to  isolate  and  observe  the  in¬ 
fluence  of  volume  fraction  of  filler  on  attenuation,  the  par¬ 
ticle  size  was  kept  the  same  while  the  volume  fraction  was 
varied.  There  was  a  decrease  in  attenuation  with  an  in¬ 
crease  in  volume  fraction  of  filler.  Next,  the  particle  size 
effect  was  characterized  by  comparing  composites  with 
the  same  filler  volume  fractions.  The  attenuation  in¬ 
creased  with  an  increase  in  particle  size.  For  example,  the 
attenuation  increased  from  45-69  dB/cm  for  the  10  vol¬ 
ume  percent  tungsten-filled  composites  with  only  a  slight 
increase  of  a  few  microns  in  the  average  particle  size.  The 
effect  of  the  particle  size  is  seen  more  prominently  when 
the  attenuation  of  the  SO-fim  tungsten  particle  composite 
is  compared  with  other  composites  since  the  particle  is 
closer  in  size  to  the  wavelength. 

Table  IV  shows  the  data  for  the  PZT-filled  composites. 
Similar  trends  in  comparison  to  the  tungsten  composite 
data  were  seen.  The  attenuation  of  the  1.5-/tm  PZT-filled 
composites  dropped  from  61  dB/cm  to  35  dB/cm  with 
an  increase  in  volume  fraction  of  PZT  ( 10  to  37  volume 
fraction).  A  comparison  of  the  28  volume  percent  of  1.5 
fim  PZT  and  >75  fim  PZT  composites  showed  an  in¬ 
crease  in  attenuation  from  34  dB/cm  to  164  dB/cm. 

The  alumina-filled  composite  data  are  shown  in  Table 
V.  The  observed  values  showed  a  slight  decrease  in  at¬ 
tenuation  with  an  increase  in  volume  fraction  of  alumina. 
However,  with  about  1 1  volume  percent  of  alumina,  there 
was  a  decrease  in  attenuation  from  36  dB/cm  to  23 
dB/cm  with  an  increase  in  particle  size  of  alumina  from 
1  /im  to  12.5  fim.  The  reverse  trend  from  the  PZT  and 
tungsten  composites  might  have  been  due  to  the  large  dif¬ 
ference  in  the  acoustic  impedance  of  the  alumina  in  com¬ 
parison  to  the  PZT  and  tungsten. 

At  the  particle  interface,  part  of  the  wave  will  be  trans¬ 
mitted  and  part  will  be  reflected  depending  on  the  imped¬ 
ance  mismatch.  This  is  one  reason  why  the  tungsten  com¬ 
posites  are  more  attenuating  than  the  PZT  and  alumina 
composites  as  shown  in  Fig.  5.  Overall,  the  very  large 
tungsten  (  ~50  ^m)  and  PZT  (  >75  /rni)  particle-filied 
composites  were  the  most  attenuating  since  the  particle 
size  was  close  to  the  size  of  the  wavelength  (400  /tm  at  5 
MHz),  thus  creating  multiple  reflections  and/or  scatter¬ 
ing.  Generally,  the  alumina-filled  composites  were  the 
least  attenuating. 

The  composites  were  cut  and  examined  under  a  scan¬ 
ning  electron  microscope  to  see  the  particle  wettability, 
dispersion,  and  the  presence  of  porosity  and  micro  cracks. 
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Fig.  S.  Attenuation  versus  frequency  of  epoxy  and  filled-cpoxy  compos¬ 
ites.  10  volume  %  filler  (  -  I  rim).  — O—  shows  tungsten.  — shows 
PZT.  — o—  shows  alumina.  -'A-  shows  Spurr  epoxy. 


TABLE  VI 

Acoustic  Properties  of  the  Hot  Uniaxially  Pressed  Tuncsten/Epoxy  Composites 


Sample  Particle  Size  Pressure  Temp  Volume  Impedance  Attenuation  @ 

number  (iim)  (psi)  (‘C)  %  (MRayl)  SMHz(dB/cm) 

(Hot  pressing  conditions) 


HUP-3 

50 

3000 

1700 

62.4 

38.8 

23 

HUP-4 

87.5%  50  nm 
12.5%  5  fim 

3000 

1700 

74.3 

59.7 

6 

HUP-5 

87.5%  fim 

12.5%  5  iim 

3000 

1600 

75.4 

54.0 

13 

For  these  composites,  the  Spurr  epoxy  appeared  to  wet 
the  particles  and  create  a  fairly  well  dispersed  matrix. 

In  summary,  the  general  trends  of  the  acoustic  proper¬ 
ties  for  the  0-3  composites  with  the  same  epoxy  matrix 
are  recapitulated  as  follows. 

1)  Acoustic  impedance  is  independent  of  frequency. 

2)  Acoustic  impedance  increases  with  an  increasing 
volume  fraction  of  hlier  material. 

3)  Attenuation  generally  decreases  with  increasing  vol¬ 
ume  percent  of  filler  material. 

)  As  the  particle  size  of  the  filler  material  increases 
and  surface  to  volume  ratio  decreases,  the  attenua¬ 
tion  increases  for  the  tungsten  and  PZT-loaded  com¬ 
posites  and  decreases  for  the  alumina-loaded  com¬ 
posites. 

5)  In  general,  the  tungsten  composites  appear  to  be 
more  attenuating  than  the  alumina  and  PZT  com¬ 
posites.  This  is  probably  due  to  the  large  impedance 
mismatch  at  the  interface  between  the  polymer  and 
tungsten  that  make  the  tungsten  particles  a  product 
of  stronger  scattering  sites. 

6)  The  acoustic  impedance  given  by  the  square  root  of 
the  composite  density  and  the  Reuss  Bulk  Modulus 
is  an  accurate  model  for  composites  with  less  than 
40  volume  percent  filler. 

D.  Composites  Processed  in  Different  Ways 

To  achieve  higher  densities,  the  samples  were  hot 
uniaxially  pressed  (HUP)  using  a  mix  of  tungsten  parti¬ 
cles  of  various  sizes  to  create  better  packing.  In  addition, 
the  combination  of  pressure  and  temperature  promoted 


sintering  as  observed  in  the  microstructures.  The  acoust¬ 
ical  results  are  presented  in  Table  VI.  The  higher  volume 
fraction  samples  achieved  impedances  of  greater  than  SO 
MRayl.  The  attenuation  of  these  HUP  composites  was  less 
than  24  dB/cm.  This  value  is  low  compared  to  the  atten¬ 
uation  obtained  with  large  particles  loaded  to  approxi¬ 
mately  40  volume  percent. 

A  comparison  between  the  HUP  composites  and  the 
large  SO  micron  tungsten  particle/Spurr  epoxy  composites 
shows  that  with  an  increase  of  approximately  20  volume 
fraction  of  tungsten,  a  decrease  in  attenuation  of  about 
180  dB/cm  occurred.  One  explanation  is  that  the  com¬ 
posites  followed  the  trend  that  attenuation  typically  de¬ 
creases  with  increasing  volume  fraction  of  hiler.  Another 
explanation  is  that  the  different  processing  route  resulted 
in  a  change  in  the  typical  0-3  composite  connectivity  to 
1-3  and  3-3  composite  connectivities  that  were  seen  in  the 
microstructural  analysis. 

The  BURPS  process  was  used  to  create  a  uniform  two 
phase  microstructure.  The  results  of  the  acoustic  proper¬ 
ties  of  the  BURPS  samples  are  listed  in  Table  VII.  The 
attenuation  of  the  tungsten  BURPS  samples  were  found 
to  be  greater  than  for  any  other  sample  except  for  the 
SO-Mtn  tungsten/Spurr  epoxy  composites.  The  attenuation 
was  higher  than  214  dB/cm  at  5  MHz  and  the  impedance 
was  about  8.7  MRayl.  The  alumina  and  PZT  BURPS 
composites  also  had  high  attenuation  values  of  48  dB/cm 
and  111  dB/cm,  respectively. 

A  look  at  the  internal  structure  helped  to  provide  some 
possible  answers  to  the  high  attenuation.  The  composites 
appeared  to  have  0-3  connectivity  as  seen  in  the  micro- 
structural  analysis.  There  were  severe  microcracks 
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TABLE  VII 

Acoustic  Properties  of  the  Burnable  Polymer  Spheres  Composites 


Filler 

Particle 
Size  (pm) 

Averages  -• 
Volume  % 
Filler 

Impedance 

(MRayl) 

Attenuation 
at  5  MHz 
(dB/cm) 

Tungsten 

5 

19.6  ±  0.4 

8.3  +  0.0 

>217  ±  13 

50 

21.9  ±  0.2 

8.8  0.0 

>219  ±  9 

Alumina 

1.0 

15.9  ±  1.3 

4.1  ±  0.2 

48  ±  5 

PZT 

1.5 

20.8  ±  0.7 

5.4  ±  O.l 

III  ±  3 

throughout  each  microstructure  that  may  have  occurred 
during  the  polymer  bum-out  step.  Thus,  the  high  atten¬ 
uation  values  may  have  resulted  from  the  increased  scat¬ 
tering  sites  due  to  the  cracks  and  the  additional  phases  in 
the  composites  such  as  any  porosity,  or  PMMA  and  PVA, 
that  was  not  completely  burned  off.  Nonetheless,  mote 
studies  should  be  conducted  to  understand  this  unpre¬ 
dicted  observation. 

V.  Conclusion 

The  backing  plays  an  important  role  in  optimizing  the 
impulse  response  of  an  ultrasonic  tmnsducer.  The  empha¬ 
sis  of  this  study  was  to  be  able  to  improve  the  understand¬ 
ing  and  predictability  of  the  acoustic  impedance  and  at¬ 
tenuation  of  composite  backings. 

The  main  conclusion  from  the  theoretical  modeling  of 
the  acoustic  impedance  is  that  the  model  which  uses  the 
square  root  of  the  composite  density  and  the  Reuss  Bulk 
Modulus  is  a  fair  estimate  for  the  composites  with  lower 
volume  fractions  of  filler.  However,  as  the  volume  frac¬ 
tion  of  filler  was  increased  (  >40  volume  % ),  the  model 
did  not  accurately  predict  the  impedance. 

The  major  conclusion  from  the  experimental  portion  of 
this  study  showed  that  both  the  polymer  matrix  and  par¬ 
ticle  filler  contribute  to  composite  attenuation.  It  was 
shown  that  certain  polymer  matrices  tend  to  attenuate 
.sound  waves  more  than  others.  For  example,  a  decrease 
in  crosslinkage  or  crystallinity  in  the  structure  tends  to 
create  more  acoustically  lossy  matrices. 

General  trends  concerning  the  influence  of  the  particle 
size,  volume  fraction,  and  type  of  filler  on  the  acoustical 
properties  were  established.  In  summary,  the  larger  par¬ 
ticles  and  low  volume  fractions  of  filler  tend  to  create  bet¬ 
ter  scattering  sites  that  increased  attenuation.  In  addition, 
the  larger  impedance  mismatch  due  to  the  differences  in 
phases  caused  an  increase  in  reflections  at  the  interfaces 
that  in  turn  created  more  acoustical  loss. 

The  adhesion  between  the  polymei  and  particle  is  an¬ 
other  important  contributor  to  attenuation.  Wetting  char¬ 
acteristics  appear  to  be  correlated  v/ith  attenuation,  yet 
more  studies  need  to  be  performed. 

Finally,  a  recommendation  for  the  materials  design  of 
a  highly  attenuating  backing  is  a  composite  of  a  fairly  low 
volume  fraction  of  dense,  large  particles  such  as  the 
50-ftm  tungsten  in  a  soft,  lightly  cross-linked  polymer 
matrix  such  as  Eccogel  1365-80  or  Dispersion-236.  In 


conclusion,  the  physical  characteristics  of  the  filler  par¬ 
ticles  and  the  polymer  matrix,  plus  their  ability  to  inter¬ 
act,  control  attenuation  in  composites. 
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Abstract 

It  is  possible  to  make  passive  damping 
materials  using  piezoelectric  materials.  The  term 
’passive”  is  used  to  indicate  the  absence  of  sensor- 
actuator  combinations  using  feedback  loops. 
Structural  stress  can  be  (ransfered  to  a  piezoelectric 
material  with  a  high  coupling  coefficient  to  cause 
currents  to  flow  through  electrically  resistive 
elements,  thereby  leading  to  energy  dissipation. 
Based  on  theoretical  considerations,  it  should  be 
possible  to  design  a  damping  material  with  high 
stiffness  (-'2-10  xlQlO  N/m^),  along  with  high  a 
damping  coefficient  (tan  S  -  0.3).  To  show~nie 
feasibility  of  such  a  damper,  we  will  present  results 
based  on  resonance  measurements  made  using  the 
LE  mode,  where  k33  is  the  operative  coupling 
coefficient. 

Introduction 

Materials  with  good  vibration  damping 
capabilities  find  applications  in  structures  where 
viWation  and  noise  are  to  be  reduced.  In  this  work, 
we  have  investigated  the  possible  use  of 
piezoelectric  materials  with  large  electromechanical 
energy  conversion  efficiencies,  (large  coupling 
coefficients)  for  passive  vibration  damping 
applications.  In  order  to  attenuate  mechanical 
vibrations  in  a  passive  absorbing  element,  it  is 
essential  to  convert  a  major  fraction  o  f 
mechanical/elastic  energy  into  heat.  The  idea 
behind  passive  piezoelectric  vibration  damping  is  to 
convert  a  large  fraction  of  elastic  energy  into 
electrical  energy  using  the  piezoelectric  coupling 
coefficient  and  then  dissipate  the  electrical  energy 
using  a  simple  resistive  element.  For  efficient 
damping  characteristics,  the  coupling  coefficient 
must  be  large.  Similar  work  aimed  at  designing  a 
piezoelectric  mechanical  damper  has  been  reported 
by  Uchino  and  lshii(l|. 

Theory 

The  attenuation  of  an  elastic  plane  wave  in  a 
semiconducting,  piezoelectric  material  -  the 
electroacoustic  effect,  has  been  studied  by  Hutson 
and  White(2).  In  this  case,  the  mechanism  for 
energy  dissipation  is  the  local  charge  carrier 
current  that  accompanies  the  elastic  wave.  In  the 
present  work,  we  have  attempted  to  duplicate  a 
semiconducting  piezoelectric  material  by  connecting 
resistors  across  disks  of  poled  PZT.  By  selecting  a 
piezoelectric  ceramic  with  low  compliance  and  a 
high  coupling  coefficient,  it  is  possible  to  obtain  a 


material  with  a  large  Young's  modulus  and  good 
mechanical  damping  characteristics. 

Consider  the  following  schematic  (Fig.  I) 
which  shows  a  block  of  poled  Lead-Zirconate- 
Titanate  (PZT)  ceramic  being  subjected  to  an 
oscillatory  (sinusoidal)  stress.  The  poling  direction 
is  along  the  vertical  (3-direction)  as  shown.  The  PZT 
block  is  shunted  by  a  resistance  R  which  is 
connected  to  the  electrodes. 


P  a  Force  applied 

Figure  1:  Schematic  diagram  showing  the 

principle  of  piezoelectric  damping. 

The  constitutive  equations  of  state  for  a 
piezoelectric  material  relating  the  stress,  strain, 
electric  field  and  electric  displacement  in  matrix 
form  are[3]; 

S  =  sET  +  d,E  (la) 

D  =  eTE  +  dT  (lb) 

where, 

S  =  strain  matrix 

T  =  stress  matrix 

E  =  electric  field  matrix 

D=  electric  displacement  matrix 
s^  =  elastic  compliance  matrix  under 
constant  E-field  condition 
e'T  =  dielectric  permittivity  matrix  under 
constant  stress  condition 
d  =  piezoelectric  coefficient  matrix 
di  =  transpose  of  above  matrix 

Assuming  low  frequencies  so  that  the  fields 
are  not  position  dependent  and  only  83.  T3,  E3  and 
O3  are  non-zero,  the  following  one-dimensional 
equations  can  be  obtained. 

S3*  S33ET3+d33E3  (2a) 

D3=  e33'''E3  +  d33T3  (2b) 


Since  Dj  is  related  to  the  current  through  the 
resistor,  one  can  arrive  at  the  following  equation 
relating  the  strain  S3  to  the  stress  Tj; 


83  =  533 


2 


where. 


k33  =  - 
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(3) 


is  the  piezoelectric  coupling  coefficient,  and 


09  =  1/R 


cVl  -kjj 


(8) 


The  maximum  in  energy  dissipation  occurs 
when  s'*  is  maximum  i.e.,  when  09=I/RC.  A  maximum 
value  of  s''=(k332/2)$E  can  be  attained. 


A  plot  of  the  real  part  of  the  compliance  s', 
and  tan  5  as  a  function  of  frequency  is  shown  in  Fig. 
2.  it  has  been  assumed  that  k33  =  0.7,  which  is 
typical  for  PZT-S.  As  can  be  seen  the  system  shows 
classical  Debye  relaxation  behaviour  with  a  single 
time  constant.  The  maximum  value  of  tan  5  is  0.3S. 
In  addition,  by  controlling  the  shunt  resistor,  we 
can  design  the  damper  to  have  the  desired 
optimum  properties  at  any  frequency  of  interest. 


C  = 


T 

^33^ 

L 


is  the  capacitance  of  the  PZT  block. 


Thus  we  obtain  a  complex  compliance 
coefficient  S33*,  given  by. 


•  E 

833  =  533 
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2 

^33 


=  S  -  JS 


(4) 


where,  s'  and  s"  are  respectively  the  real  and 
imaginary  compliance  coefficients. 


We  can  then  define  a  mechanical  loss  tangent 


Increasini  frequency 

Figure  2:  Expected  mechanical  behaviour  of 
piezoelectric  damper.  The  real  part  of 
the  compliance  s'  is  plotted  on  a 
normalized  scale  (left  y-axis)  with  unit 
value  assigned  to  533^.  The  mechanical 
loss  tangent  tan  5  is  plotted  with 
reference  to  the  right  y-axis.  -  tan  Smax 
=  U.35  if  k33  =  0.7.  The  logarithmic  x- 
axis  is  normalized  with  respect  to  a 
"tuning  frequency",  Wg  =  I/RC. 

Experimental 
Sample  preparation 


The  complex  compliance  coefficient  is 
obviously  a  function  of  frequency  and  the  loss 
tangent  is  a  maximum  when  the  following  condition 
holds. 


It  has  been  seen  that  the  damping  efficiency 
of  a  piezoelectric  damper  is  directly  linked  to  the 
coupling  coefficient  pertaining  to  the  stresses  and 
strains  produced  by  the  pertinent  modes  of 
vibration.  In  this  work,  the  experiments  were 
performed  around  the  resonance  frequency  using 
the  lengthwise  3-3  vibration  mode(31,  since  the  k3  3 
coefficient  of  PZT  is  the  largest  available  coupling 
coefficient.  The  configuration  of  such  a  3-3  mode 
sample  for  resonance  measurements  is  a  long  bar  or 
cylinder  with  the  poling  and  vibration  directions 


coinciding  with  the  major  dimension.  Due  to  the 
enormous  voltagr  that  would  be  required  to  pole  a 
sample  of  sufficient  length,  such  a  sample  was 
made  up  using  a  large  number  of  PZT  toroids  as 
shown  in  the  schematic  (Fig.  3). 


Figure  3:  Schematic  of  PZT  stack  sample. 


Sintered  PZT  disks.  0.8  cm.  in  radius  were 
made  by  conventional  ceramic  processing  using 
commercially  available  PZT-50IA  powder 
purchased  from  Ultrasonic  Powders  Inc.  A  central, 
axial  hole.  0.3  cm.  in  radius  was  drilled  through 
each  disk  using  a  diamond  core  drill  to  obtain  the 
toroids.  These  toroids  were  then  ground  and 
polished  to  the  same  thickness.  0.33  cm.,  using  a 
diamond  polishing  wheel.  Silver  termin  ' 'ion  ink 
(DuPont  Corp.)  was  then  painted  on  the  fl:.  surfaces 
of  the  toroids  which  were  then  fired  at  oOO^C  to 
obtain  well  bonded  electrodes.  The  PZT  toroids  were 
then  poled  along  the  thickness  direction  in  a 
silicone  oil  bath  at  llO^C  using  an  electric  Held  of 
25  kV/cm.  The  dielectric  constant  of  these  toroids 
was  measured  using  a  HP  4273A  Multi-Frequency 
LCR  meter  and  the  piezoelectric  coefficient  dss  was 
measured  using  a  Berlincourt  djs  meter  (Channel 
Products  Inc.)  to  obtain  the  following  results. 

KasT  (Dielectric  Constant)  s  1930 

d33  *  430pC/N 

The  3-3  mode  vibrator  was  made  by  stacking 
32  such  PZT  toroids  alternating  with  brass 
electrodes  on  a  12  cm.  long  threaded  steel  rod.  The 
brass  electrodes  were  circular  disks  of  thin  (1  mil 
thickness)  shim  material  with  a  0.3  cm.  radius  hole 
punched  through  the  center.  The  thin  brass  layers 
were  of  slightly  larger  diameter  than  the  PZT 
toroids  to  facilitate  external  electrical  connection.  A 
thin  layer  of  a  hard  epoxy  (Spurrs  Epoxy 
manufactured  by  Polysciences  Inc.)  was  applied  to 
the  electroded  surfaces  before  assembly  and  care 
was  taken  to  see  that  all  surfaces  were  clean  and 
free  from  oil  or  grease.  One  0.3  cm.  thick  brass 
toroid  was  also  stacked  on  each  end  of  the 
assembly.  Steel  nuts  screwed  onto  the  threaded  rod 
at  each  end  held  the  assembly  in  place  and  also 
provided  a  compressive  pre-stress.  The  stack  was 


kept  in  an  oven  set  at  90*0  to  cure  the  epoxy  for  24 
hours. 

Measurements  and  Results 

First,  the  integrity  of  the  sample  was  checked 
with  regard  to  the  quality  of  the  epoxy  bond  at  the 
PZT-brass  interfaces.  In  order  to  do  this,  all  the  PZT 
elements  were  connected  in  parallel  and  the  stack 
was  set  into  vibration  through  electrical  excitation 
by  means  of  a  HP  4192A  LF  Impedance  Analyser 
and  the  electrical  admittance  vs.  frequency  curve, 
obuined.  A  sharp  resonance  peak  corresponding  to 
the  fundamental  resonance  mc^e  of  the  stack  (-11 
kHz)  together  with  the  absence  of  any  spurious 
vibration  modes  showed  that  there  were  no  cracks 
or  other  impedance  mismatch  problems  at  the 
interfaces.  It  may  also  be  noted  here,  that  since  the 
thickness  of  each  PZT  element  is  much  smaller  than 
the  wavelength  at  the  resonance  frequency  (<  X/30) 
at  which  all  the  data  were  obtained,  the 
assumptions  in  the  model  developed  in  the  theory 
section  hold. 

The  mechanical  stiffness  and  the  loss  tangent 
tan  8.  were  measured  using  an  electrical  resonance 
technique  by  measuring  the  electrical  impedance 
over  a  frequency  range  about  the  fundamental 
resonance  frequency.  The  stiffness  coefficient  E. 
was  estimated  from  the  resonance  frequency  •  (due 
to  the  type  of  electrical  excitation  used,  the 
electrical  resonance  frequency  was  equal  to  the 
mechanical  resonance  frequency)  •  using  the 
relation, 

E-pfrU2  (9) 

where,  p  is  the  density;  fr  is  the  resonance 
frequency;  and  X  (  s  2  x  length)  is  the  wavelength. 

The  loss  tangent  was  estimated  using  the 
half-bandwidth  technique  modified  for  application 
to  low  Q  (high  mechanical  loss)  materials(4).  The  use 
of  a  resonance  technique  only  estimates  the 
mechanical  parameters  especially  in  a  material  with 
a  high,  frequency  dependent  loss  factor.  However, 
the  stiffness  is  estimated  quite  accurately  and  the 
loss  tangents  estimated  are  lower  limiting  values 
since  this  method[4]  actually  leads  to  an 
underestimation. 

In  a  bar  vibrator  excited  symmetrically  about 
the  center  at  the  fundamental  resonance  mode,  one 
expects  the  contribution  to  the  overall  coupling 
coefficient  to  be  different  from  different  regions 
depending  on  the  location  since  the  stress  and  the 
strain  are  maximum  in  the  center  and  drop  down  to 
near  zero  at  the  ends.  Therefore  an  effective 
coupling  coefficient(3).  kefr  which  is  determined  by 
k33  was  measured  by  electrically  exciting  only  parts 
of  the  sample  symmetrically  from  the  center 
towards  the  ends.  Tlie  effective  coupling  coefficient 
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Rgure  4;  Plot  of  keff^  shown  as  a  function  of  the 
number  of  PZT  elements  excited 
symmetrically  about  the  center  of  the 
stack. 

is  related  to  the  measured  values  of  the  resonance 
and  antiresonance  frequencies,  fr  and  f*  as  follows; 

keff2  =  l-(f,/f,)2  (10) 

The  relation  of  keff^  to  the  number  of  excited 
elements  is  shown  in  Fig.  4.  It  can  be  seen  that  the 
regions  of  high  strain  in  the  center  contribute  the 
most  toward  the  overall  coupling  coefficient. 

In  the  first  set  of  experiments,  the  effective 
damping  contribution  from  different  regions  of  the 
sample  was  determined.  In  order  to  do  this,  the 
whole  PZT  stack  was  set  into  vibration  by 
electrically  exciting  with  the  impedance  analyzer, 
only  one  element  at  each  end  and  obtaining  the 
admittance  vs.  frequency  curve.  Optimally  tuned 
resistors  (-7  kO)  were  connected  across  the  central 
two  elements,  then  across  an  additional  two 
elements  on  either  side  and  so  on  upto  the  ends  of 
the  stack,  and  the  stiffness  E,  and  the  loss  tangent 
tan  5  were  estimated  from  the  admittance  plot.  The 
results  are  shown  in  Fig.  S.  The  similarity  between 
the  kef(2  and  tan  5  curves  (Figs.  4  and  S)  is  obvious 
showing  that  most  of  the  contribution  towards  the 
damping  arises  from  the  central  parts  of  the  stack. 

In  the  second  set  of  experiments,  the  stack 
sample  was  set  into  resonance  again  by  electrically 
exciting  one  PZT  element  at  each  end  using  a 
sufficiently  long  gated  sine  wave.  The  voltage 
output  from  one  of  the  central  elements  was 
measured  using  an  oscilloscope;  this  voltage  being 
proportional  to  the  strain  in  that  element.  At  the 
end  of  the  exciting  signal,  the  time  decay  in  the 
vibration  amplitude  it  observed  as  the  decay  in  this 
voltage  output.  The  experiments  were  conducted 
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Figure  5:  Plot  of  mechanical  stiffness  and  tan  5 
against  number  of  disks  shunted  by 
optimally  tuned  resistors. 


Figure  6:  Oscilloscope  photographs  showing 
attenuation  of  vibrations  of  the  stack 
sample  when  no  resistors  are  connected 
(a)  and  when  four  central  elements  are 
shunted  by  optimum  resistances  (b). 
Also  shown  is  the  exciting  gated  sine 
wave. 


without  any  shunt  resistor  as  well  as  with  optimally 
tuned  resistors  connected  across  some  or  all  the 
elements  as  described  previously.  Some  results  are 
shown  in  Rf.6. 


CoDfiluiiani 

In  conclusion  we  And  that  it  is  possible  to 
obtain  high  stiffness  and  high  damping 
characteristics  using  a  simple  passive  electrically 
resistive  element  in  conjunction  with  a  piezoelectric 
ceramic  material  (PZT)  with  a  high  coupling 
coefficient.  By  optimum  tuning  of  the  resistors,  it 
should  be  possible  to  shift  the  peak  damping  to  any 
frequency  of  interest.  Proper  placement  of 
piezoelectric  elements  at  regions  of  high  stress  in  a 
vibrating  structure  will  optimise  the  damping 
capability. 


Future  Work 

The  use  of  a  mechanical,  non-resonant, 
transfer  function  technique  is  proposed  to  measure 
the  property  coefficients  more  accurately  over  a 
range  of  frequencies  (SOO  Hz  to  S  kHz)  and  variable 
resistance  values.  Incorporation  of  other  passive 
electrical  elements  should  lead  to  better  control  and 
design  of  properties  tailored  to  suit  specific 
applications. 
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The  hydrostatic  clectroatrlctlon  coefficient  of  SrTlO.  and  its 
teaperaturs  dependence  have  bean  calculated  on  the  basis  of  anhar- 
aonlc  nany-body  perturbation  theory.  Contributions  froa  several 
louaat  order  dlagraas  have  bean  evaluated  using  an  anhamonlc  shell 
Bodel  originally  used  for  calculating  the  electrostrlctlon  coef¬ 
ficients  of  the  static  crystal.  The  calculated  teaperature  depend¬ 
ence  la  In  agrceacnt  with  experlsMOt. 


The  electrostrlctlon  (F.S)  eoefftclents 
determine  the  strain  dependence  of  the  di¬ 
electric  constant;  those  most  directly  amen¬ 
able  to  lattice  dynamical  calculation  are 
defined  aa  the  derivatives  of  the  dielectric 
susceptibility  (xrs)  with  respect  to  the  Lagra- 
nglan  strain  tensor  nit^; 

•ts.kl  -  (3xrs/»nkl)  (r.a.k.l  -  1,2,3) 

They  ate  related  to  the  more  conventional 
Q-coef f iclents  familiar  to  experimentalists  . 
and  defined  In  a  rotatlonally  Invariant  fora* 

by 

Ore.U  -  J«»*Vlj/»Pr3V 

where  and  P^  denote  the  components  of  the 

displacement  gradient  and  the  dielectric 
polarization  respectively.  The  relationship 
between  the  two  sets  of  coefficients  la  given 
by  (censor  notation;  aumaiaclon  convention) 

Ots.lJ  •  -•5>»ljkl(brub,„e«„^l,l 

*  ^rk*el  ♦  bakdrt  -  2b,^gl) 
Here  represent  the  coaponents  of  the 

elastic  compliance  tensor  and  b^^  “  (x^,)”^* 

For  a  cubic  crystal  there  are  only  three  In¬ 
dependent  coefflclente  Qmi,  Q||22  ^2323. 

In  this  paper,  we  are  prlaarlly  concerned  with 
Che  hydrostetlc  coefficient  ()|)  ■  Qllll  *  ^^1122 
and  the  shear  coefficient  Q,  >  Qltli  -  Q|122. 

It  was  generally  believed  Chat  Che  Q-coef- 
f Iclents  are  temperature  Independent,  an  Idas 
supportcdjln  part  by  the  microscopic  theory  of 
Silverman*  for  farroelectrlc  soft-mode  materials 
In  Che  paraelectrlc  phase.  However,  more 
tceent  experimental  data  (or  several  parov- 
sklte  oxides  Indicate  a  linear  variation 

with  temperature.  Phenomenological  approachaa 
based  on  a  properly  constructed  Landau-Devon- 


shlre  'free  energy  function  also  lead  Co  a 
similar  linear  variation  of  the  Q-coeff Iclents 
with  temperature. 4  However,  a  microscopic 
theory  which  would  explain  this  linear  varia¬ 
tion  of  the  ()-coeff Iclents  with  temperature  la 
still  lacking.  It  la  tha  purpose  of  this  paper 
to  present  Che  results  of  an  atomistic  calcul¬ 
ation  of  the  temperature  verlatlon  of  the  ES 
Coefficients  on  the  basla  of  an  anhairmonlc  many- 
body  theory5,6. 

Room  temperature  values  of  the  ES  coef¬ 
ficients  have  been  calculated  for  .SrTlO.  from 

j  •* 

a  shell  model  by  Btuce  and  Cowley  .  However, 

In  their  model,  the  anharxmnlclty  from  Coulomb 
Interactions  la  neglected.  It  has  been  shown8a,8b 
Chat  for  a  consistent  description  of  the  first 
order  anharmonlc  properties  It  Is  essential  to 
Include  Coulomb  anharmonlclty.  We  have  reported 
prellmlnery  results  for  tha  temperature  vari¬ 
ation  of  Q.  that  ws  obtained  from  a  harmonic 
shell  modal  with  anhararanlclCy  In  tha  short 
range  and  Coulomb  forces  Included  In  the  rigid 
Ion  approximation.  Howaver,  these  results  were 
based  only  on  tha  contribution  from  Che  lowest 
order  diagram  In  tha  anharmonlc  perturbation 
expansion  and  did  not  account  for  the  observed 
temperature  variation  of  Q|^.  In  the  present 
paper,  we  have  extended  the  work  of  Ref.  9  by 
treating  anharmonlclty  In  the  full  shell  model 
and  by  Including  the  contrlbutlona  from  three 
additional  diagrams. 

Outline  of  Theoretical  Method 

According  to  standard  anharmonlc  pertur¬ 
bation  theoryb,  the  dielectric  properties  of  a 
crystal  can  be  calculated  by  considering  the 
total  Hamiltonian  H  Co  consist  of  a  harisonlc 
part  Hg,  an  anharmonlc  part  H.  and  an  Inter- 

action  H.  •  -H>E  between  an  external  electric 
field  f  and  Che  dipole  moment  of  the  crystal  Hi 

N  -  Nq  »  Hg  4  N| 


f  Work  supported  In  part  by  US  Offl.-c  of  Naval  Research  Contract  No.  N000I4- 
82-D-0339. 
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Th«  altetrlc  flald  la  turnad  on  adlabatleally 
aa  f  •  C_axp(-iQt  *  ct)  and  tha  dlalaetrle  aua- 
eaptlbllity  can  ba  axpraaaad  aa 

Xca(fl)  -  Pts((>>  *  (6/Na)a(HcH,,a  a  lc| 

whara  tl*a  alaecronle  auacaptlblllty 

and  G  la  Cha  thartMdynaalc  Craana  function  for 
dtpola  noaant  oparatora  and  N^.  For  a  atraln- 

ad  crya^al.  tha  Haalltonlan  H  and  tha  dlpola 
■oamnt  H  can  ba  axpandad  In  a  double  aarlaa  In 
taraa  of  tha  phonon  coordlnataa  A(l)  and  tha 
dafocaatton  pataaacaca  *  dlagtaa  tach- 

nlqua  aaployad  to  avaluata  tha  alaetroatrlctlon 

coafflclanta  a  ,, 
ra.lj. 

Flgura  1  ahowa  tha  lowaat  ordar  dlascana 
conaldarad  hara  In  tha  anharaonlc  parcurbatlon 
axpanaton  contributing  to  tha  ES  coafflclanta 
and  tha  eorraaponding  eontrlbutiona.  In  tha 
axpreaalona  glvan,  H  (1)  danotaa  tha  r-coapo- 
nant  of  tha  dlpola  nomant  arlalng  fron  tha 
norml  noda  1.  h(1)  and  w^(A)  cha  correapond- 
Ing  bara  and  ranornallzad^tenpctacura  dependant 
elganfraqiiencleai  raspacClvaly . 
danotaa  tha  doubla  Foutlar  cranaform  of  producta 
of  linear  coeiblnaclona  of  third  order  coupling 
paraeiatara  and  coieponanCa  of  Cha  alganvactora 
of  tha  bare  nornal  leodea  1  and  1*.  The  eioda 
Index  X  entalla  both  the  wave  vector  and  tha 
branch  Index,  and  Che  auna  ara  over  tha  nodaa 
at  tha  zona  center  only.  The  quantltlaa 

(li  *x0,  M ,  and  P^^  have  all  baan 

defined  by  CowleylO* 

Tha  quantltlaa  In  tha  nuaaratora  of  all 
expraealona  pertain  Co  the  bara  rafaranca  atata 
In  tha  perturbation  axpanalon.  Tha  teoparatuta 
dependence  of  Cha  CS  coafflclenta  arlaea  only 
via  the  aelf-anergy  corracclona  to  cha  phonon 
frequenclea  giving  rlae  to  cha  ranornallzad 
frequenclea  u-(X)  appearing  In  tha  danoaiinatoro. 
The  evaluation  of  tha  eelf-anergy  corracclona 
la  a  eeparaCa  problen  and  a  knowledge  of  the 
mode  aofcening  eiechanlan  la  a  prarequlalCe  for 
a  more  complete  underaCandlng  of  the  teapar- 
ature  variation  of  cha  ES  coafflclanta.  For 
purpoaea  of  the  preaent  paper.  It  la  aufflclenc 
to  uae  experimental  zone  center  frequenclea  aa 
functlona  of  temperature.  However,  Che  acopa 
of  Che  preaent  paper  entalla  the  calculation  of 
the  nunaratora  In  the  axpraaalona  given  abova, 
from  a  ahall  modal.  In  which  Coulomb  anharmon- 
iclcy  and  anharmonlclty  of  the  abort  range 
Intaracclona  ara  Included.  Tha  model  parametara 
uaed  ara  Identical  to  Cha  onea  iiaed  before  for 
Che  calculation  of  Che  flrat  order  enharmonic 
quantltlaa  at  Che  zona  canter  of  Che  aCaCic 
cryatalS.  In  tha  aplrlt  of  the  paaudohararanlc 


- 

Sz- 

Mg^- 

f?xx 

- .M. 

2  y 

u  .(XI 

- •M,.e4 

Pj 

iz. 

^(X,V)y^(-X.-XI^(XyVI 

Figure  1.  Elaccroatrlcclon  Olagrama  and  Thalr 
Concrlbuciona 


Figure  2.  Variation  of  with  Tamparature 

approximation  of  Cowlayh  the  numeraCora  are 
evaluated  by  ualng  the  alganvactora  of  cha  model 
RT  of  Rec.  Ba, 

In  Fig.  2,  ara  plotted  cha  reaulta  for  tha 
hydroataclc  CS  coefficient  versua  temperatura. 
It  can  ba  aean  that  there  la"good  agreement  with 
expcrlnent  ao  far  aa  tha  Ccmparatura  dcpandcnca 
la  concerned,  but  Chat  there  la  aome  dlacrepancy 
In  tha  abaoluCa  value.  There  la,  howavar,  poor 
agraement  Cor  Cha  other  ES  coafflclenta.  The 
latter  poor  agreement  la  actrlbutad  to  the 
neglect  of  many-body  forcea. 

In  conclualon,  a  calculation  baaad  on 
anharmonlc  many-body  perturbation  theory  using 
the  lowest  order  diagrams  and  an  anharmonlc 
shell  model  yields  results  In  good  agreement 
with  tha  experimental  temperature  variation  of 
Q|^.  This  good  agreement  arises  as  a  result  nf 
both  tha  Improvement  In  tha  model  and  Che  In¬ 
clusion  of  additional  diagrams. 
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Origin  of  the  first-order  phase  change  at  the  Curie  temperature  in  KNbO, 
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As  judged  by  the  dilTerence  between  Curie  temperature  and  Curie- Weiss  temperature  0 

( r,  —  0~  S3  *C)  KNbO,  goes  through  a  very  strongly  first-order  phase  change  at  into  a 
leiniguiial  Terroelectric  pl\ase.  For  DaTiO,.  it  is  known  that  the  weaker  first-order  change  at 
r,  (  r,  —  0  ~  10  'O  derives  from  the  electrostrictive  coupling  and  that  the  strain-free  crystal 
would  go  directly  to  rhoinboliedral  symmetry  by  a  second-order  transition.  It  is  the  purpose  of 
this  note  to  iroint  up  the  fact  that  in  spite  of  the  much  stronger  first-order  change  in  KNbO,, 
the  origin  is  again  in  the  electrostrictive  coupling,  and  that  the  cubically  clamped  crystal  would 
go  through  a  second-order  phase  change. 


I.  INTRODUCTION 

The  ferroelectric  perovskite  KNbO,  is  qualitatively 
analogous  to  DaTiO,,  exhibiting  the  same  ferroelectric 
phase  transition  sequence  on  cooling  from  high  temperature 
(ie.  I’m3m-.l’4min  — Umni2  — R3in).  As  with  DaTiO,,  all 
of  these  transitions  are  first  order.  If  the  difference 
A  =  (  r,  —  0)  is  regarded  as  a  measure  of  the  first-order 
character  of  the  ferroelectric-pa raelectric  (FE-PE)  transi¬ 
tion.  however,  this  difference  in  KNbO,  (A~53*C)  is  seen 
to  be  significantly  greater  than  that  in  DaTiO,  { A  ~  10  *C). 
Consequently,  it  might  be  suspected  that  the  nature  of  the 
first-order  FE-PE  tran.sition  in  the  two  crystals  may  be  fun¬ 
damentally  different. 

Consideration  of  a  simple  Devonshire  free-energy  for¬ 
malism  for  KNbO,  provides  insight  into  the  nature  of  the 
FE-PE  transition.  For  DaTiO,,  Devonshire'  showed  that 
the  weaker  first-order  change  at  (A~  10  *C)  derives  from 
the  electrostrictive  coupling  and  that  the  strain-free  crystal 
would  go  directly  to  rhombohedral  symmetry  by  a  second- 
order  transit  ion.  Consequently,  by  examining  the  sign  of  the 
fourth-rank  dielectric  stiffness  coefficient  in  the  Helmholtz 
free-energy  expansion,  it  is  possible  to  determine  whether 
the  first-order  nature  of  the  FE-PE  transition  in  KNbO, 
arises  as  in  DaTiO,  due  to  the  elastic  coupling,  or  if  it  is  in 
fact  intrinsic  to  the  strain-free  crystal. 

n.  THERMODYNAMICS 

To  examine  the  origin  of  the  FE-PE  transition  in 
KNbO,,  we  consider  the  thermodynamic  potential  func¬ 
tions  A  and  G,  for  the  crystal  subject  to  the  constraints  of 
constant  elastic  strain  (jr)  and  constant  elastic  stress  {X), 
respectively.  The  Helmholtz  (A)  and  elastic  Gibbs  (G, ) 
free-energy  functions  are  defined  by: 

A  =U-TS 

and  (I) 

G,  =  U- TS-xX, 


*’  PermanenI  addrm:  Material  Rewarch  Laboratory,  Pennsylvania  Stale 
University,  University  Park.  Pennsylvania  16802. 


where  U  is  the  internal  energy,  S  is  the  entropy,  and  T  the 
absolute  temperature.  Appropriate  Taylor  series  expansions 
of  Eq.  ( I )  yield  expressions  for  the  free-energy  density 
wherein  the  sign  of  the  fourth-rank  dielectric  stiffness  tensor 
determines  the  order  of  the  FE-PE  phase  transition. '  Natu¬ 
rally,  *he  thermodynamic  potential  functions  of  Eq.  ( I )  are 
not  independent,  so  that  by  finding  the  spontaneous  strain 
matrix  (AG,  /AA' ),  defining  A'  =  0,  and  substituting  into  the 
expression  for  A,  the  relationship  between  the  fourth-rank 
dielectric  stiffness  coefficients  in  the  two  free-energy  expan¬ 
sions  can  be  readily  obtained.  Using  standard  reduced  tensor 
notation,  the  desired  relationships  are: 

aJl  —  CCit  -1-20*2)^11  -1-^212(2011  -|-0|2)C|2 

and  (2) 

®f2  =  •+■20,2(201,  ■+•  0,2  )Cm 

■+"  2(0{,  -4-  30^2  -b  20,, 0,2 )c,2  -b  044C44, 
where  a'^  and  a;*  are  the  fourth-rank  dielectric  stiffness  coef¬ 
ficients  at  constant  strain  and  constant  stress,  respectively; 
the  0„  are  the  cubic  electrostrictive  constants  in  polarization 
notation;  and  the  c,^  are  the  cubic  clastic  stiffnesses  at  con¬ 
stant  electric  displacement.  For  a  tetragonal  crystal  of  sym¬ 
metry  P4mm  derived  from  a  cubic  prototype  of  symmetry 
Pm3m.  only  the  coefficient  a,,  requires  evaluation.  A  posi¬ 
tive  value  of  the  Helmholtz  coefficient  a,',  would  indicate 
that  the  strong  first-order  character  of  the  FE-PE  transition 
in  KNbO,  results  from  the  electrostrictive  coupling,  while  a 
negative  value  would  imply  that  this  behavior  is  intrinsic  to 
the  strain-free  crystal.  The  constants  in  the  expression  for 
a,',  are  evaluated  below. 

A.  Elastic  Gibbs  function  coefficients 

At  constant  and  zero  stress,  an  appropriate  expression 
for  the  elastic  Gibbs  free-energy  density  for  the  tetragonal 
phase  of  KNbO,  is: 

G,  =  Go  -f  l/2xo{T- 0)P}  +  l/4o;,/»J  -b  l/6af„P*,. 

(3) 

where 

G„  =»  0, 
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and 

=  \/€„C. 

Ill  Eq.  (3),  P,  is  a  vector  component  of  spontaneous  polar¬ 
ization  (/’,),  is  the  permittivity  of  Tree  space,  andCisthe 
Curie  copstant.  At  T,,  we  have  from  the  equilibrium  condi¬ 
tion 

C,  =(7„=0,  (4) 

which,  when  combined  with  the  first  partial  derivative  sta¬ 
bility  condition 

5G,/5P.=0  (5) 

gives  for  the  higher-order  dielectric  stifTness  constants: 
an  =  -4vo(r, -0)/P5,- 
and 

a'li  =  —  Q)/P  ff,  (6) 

where  P,i  is  the  spontaneous  polarization  at  7',  ■  From  Eq. 
( S )  we  also  have 

+  {(«:, )-  -  4«,\,  i-„(  7'-  0)}''-]/2a;„. 

(7) 

From  dielectric  data  on  single  crystals,  Triebwasser^ 
has  previously  determined  the  values  of  the  higher-order  di¬ 
electric  stilFnesscs  and  discussed  their  possible  temperature 
dependence.  Indeeil,  using  Tricbwasser's  data,  insertion  of 
the  ex|Krimental  value  of  F,,  into  Eq.  (6)  gave  good  agree¬ 
ment  between  the  ex|)erimental  sixnitaneous  polarization 
(P,  =  P, )  values  and  those  obtained  front  Eq.  (7)  only  at 
temperatures  near  /', .  Alternatively.  P,<  can  be  chosen  so  as 
to  provide  the  best  fit  of  Eq.  (7)  to  the  ex|terimental  data 
over  the  complete  tcm|ierature  range.  The  latter  procedure 
yielded 

_  |.7y  10"  mVC-P 
and 

rr,’,,  =2.1x10"’  tn /C*F. 

The  use  of  the  ex|terimental  value  of  P„  at  P,  as  opposed  to 
the  best-fit  value  resulted  in  only  a  modest  ( I  S% )  diflerence 
in  the  associated  values  of  a', .  It  will  be  seen  that  this  differ- 
ence  is  not  siilTicient  to  influence  the  result  of  the  Helmholtz 
coellicient  calculation.  Therefore,  any  temperature  depen¬ 
dence  of  the  higher-order  dielectric  stifTnesses  was  neglect¬ 
ed. 

B.  Spontaneous  strains  and  electrostrlctlon  constants 

The  x-ray  data  of  Shirane,  Newnham,  and  I’epinsky' 
were  used  to  calculate  the  spontaneous  strains  and  electro- 
strict  ion  constants  in  the  tetragonal  phase.  The  spontaneous 
strains  (.v, )  were  calculated  from; 

X,  =  (ti,  -al)/a;  and  x,  =  (c,  -O/u;,  (8) 

where  a,  and  r,  are  the  tetragonal  lattice  constants  and  a'  is 
the  extrapolated  cubic  cell  constant.  The  value  o'  was  deter¬ 
mined  following  the  method  of  Haun,  el  ai*  by  as.suming 
that  the  electrostrictive  constant  ratio  Qt^/Q,,  is  indepen¬ 
dent  of  temirerature.  This  assumption,  along  with  the  elec¬ 
trostrictive  strain  equations 

-ft  -QnP\  and  x,  =C?,,Pj  (9) 


gives  the  following  relation  for  a; 

o;  =  [fl,  -  (C.  )Qn/Qn  ]/( I  -  Qxi/Qn  )-  (  >0) 

The  Qti/Qn  ratio  was  determined  by  extrapolating  the  ex¬ 
perimental  cubic  cell  constant  {a, )  IS  *C  to  the  ftrst  set  of 
tetragonal  lattice  constant  data  (410*0  using; 

o,{A)»or(*0+tfo. 

where 

0  =  4.47598X10-’  A/*C 
and 

o„  =  4.00237  A. 

A  linear  least  squares  correlation  coefficient  of  l.(X)  was  ob¬ 
tained  for  the  cubic  cell  data.  Using  Eqs.  (8)  and  (9),  this 
procedure  gave  a  2 /(2,,  ratioof  —  0.354.  The  extrapolat¬ 
ed  values  of  cr'  obtained  using  this  ratio  are  plotted  along 
with  experimental  values  of  a,,c,,  and  a,  in  Fig.  I.  Figure  2 
shows  the  spontaneous  strains  determined  from  the  x-ray 
data. 

The  spontaneous  strain  data  of  Fig.  2  were  used  along 
with  the  experimental  spontaneous  polarization  data^  to  cal¬ 
culate  the  elect rostriction  constants  from  Eq.  (9).  The  re¬ 
sults  are  shown  in  Fig.  3.  To  the  extent  of  the  validity  of  the 
initial  assumption  regarding  the  Q\i/Qn  ratio,  the  values  of 
the  electrbstriclion  constants  obtained  are  seen  to  be  rela¬ 
tively  insensitive  to  temperature.  The  average  values  over 
the  temperature  range  examined  are 

=0.13  and  0,2  =  -0.046  (mVCM, 

which  are  in  excellent  agreement  with  the  room-teinperalure 
values  of  0,,  =0.13  and  0,,  =  —0.047  obtained  by 
Giinter’  from  piezoelectric  measurements.  Weisendanger" 
obtained  values  of  0,,  =0.13  and  0,2  =  —  0.055  by  assum¬ 
ing  a  room-tem|>erature  value  for  F,  of  0.42  C/m\  which  is 
about  30%  higher  than  the  F,  value  measured  by  Trieb- 
wasser.’  Theelectrostriction  constants  obtained  from  the  x- 
ray  strain  data  were  used  in  the  remainder  of  the  calculation. 

C.  Elastic  constants 

From  piezoelectric  measurements  made  on  orthorhom¬ 
bic  crystals,  Weisendanger"  obtained  the  following  room- 
temperature  values  for  the  elastic  stiffness  constants  at  con¬ 
stant  electric  displacement  (c"): 


Flo.  I.  ExpcrimenlRl  l■Uice  cnnManIs  (rrom  Ref.  3)  ofKNbO,  againM 
lemperaiure.  The  exirapolaled  cubic  cell  conttants  a’  were  cakulaled  Troni 
Eq.(IO). 


I 
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FIG.  2.  S|ionlancous  slraiiM x,  and  x,  nf  KNbU,  against  temperature. 


=2.800X10"  ;V/nr.  c"  =0.940x10"  N/m\ 
and  ci’,  =  1.135X10"  N/m^. 

The  relations  belween  the  cubic  and  orthurhoinbic  constants 
c',’,  =  l/2(c,,  +c,,  +2c4j). 
c!,\  =C44.  and  c{’,  =  l/2(c,,  -  c,j )  (12) 

gave  the  cubic  stitTnesses  at  constatit  electric  displacement 
(c„)  as" 

c,,  =3.00X10"  A' /tit-,  c,,  =0.71x10"  yV/nr. 
and  C44  =0.95x10"  /V/iir’. 

Alternatively,  the  data  of  Nunes,  Axe,  and  Shirane’  gave  the 
following  values  fi'oin  phonon  dispersion  curves  measured  at 
460  *0 


0.20 
,r  0.15 

a 

"e  0.10 

0“  0.05 
0.00 


FIG.  3.  Eleclr«isiriclion constants (2, ,  and  Q,,  nfKNbO,  against  lempera> 
lure. 
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c„  -2.55X10"  AT/m*.  -0.80x10"  N/m\ 
and  -0.90x10"  Af/m*. 

While  the  two  data  sets  are  in  reasonably  good  agreement, 
(he  data  of  Nunes,  et  al.  more  closely  satisfies  the  isotropy 
condition  (2C44  =C||  —  C|2 )  and  the  Cauchy  relation 
(C44  =  C|2  )■  The  latter  data  set  was  selected  for  use  in  the 
present  calculation,  although  the  choice  is  not  critical  to  the 
final  result. 

D.  Helmholtz  coefficient 

Substituting  af,  =  —  1.7x  10’  mVC^f  into  Eq.  (2) 
along  with  the  electrostrictive  and  elastic  constants  given 
above  we  find  that: 

o;,  =  -  1.7X10’ +  7.6X10’ 
or 

oj,  =  +5.9X10’  mVC*F, 

where  the  magnitude  of  the  positive  elastic  term  is  found  to 
be  more  than  four  limes  greater  than  the  magnitude  of  the 
negative  Gibbs  coeflicient. 

III.  CONCLUSIONS 

From  the  finding  that  the  contribution  of  the  positive 
elastic  term  to  the  Helmholtz  coefiicient  is  much  larger  than 
the  contribution  of  the  negative  Gibbs  term,  it  is  inferred 
that  like  BaTiO, ,  the  first-order  nature  of  the  transition  in 
KNbO,  (at  Tf)  results  from  the  electrostrictive  coupling. 
Consequently,  despite  the  fact  (hat  the  FE-i’E  transition  ex¬ 
hibits  anomalously  strong  first-order  character 
{Tf  —  0  —  53  *C),  this  behavior  is  apparently  not  an  intrin¬ 
sic  property  of  the  strain-free  crystal.  It  is  therefore  expected 
that  the  crystal  subject  to  cubic  clamping  would  undergo  a 
second-order  transition  at  9. 
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Thermodynamic  Theory  of  Single-Crystal  Lead  Titanate  with 
Consideration  ot  Elastic  Boundary  Conditions 
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A  phcnooicnological  frcc-cnergy  function  including  the  ef* 
fects  of  clastic  boundary  conditions  was  presented  and  used 
to  investigate  the  singlc^omain,  single^rystal  properties  of 
the  ferroelectric  perovskite,  PbTiOs.  In  particular,  the  ef¬ 
fects  of  tensile  and  compressive  hydrostatic  stress  on  the 
spontaneous  polarisation,  Curie  point,  dielectric  snscepti- 
Mlity,  and  pteodectric  property  coefficients  were  esam- 
ined.  The  calculated  shift  of  the  Curie  point  with  hydro¬ 
static  stress,  along  with  the  entropy  and  enthalpy  of  the 
fcrroclcctric--paraelcctric  phase  transition,  was  found  to  be 
in  good  agreement  with  experimental  measurements.  The  iso¬ 
thermal  variation  of  the  relative  dielectric  susceptibility  and 
piexocicctric  coefficients  with  hydrostatic  stress  exhibited 
the  expected  behavior  near  the  ferroeicctric-paraelectric 
phase  transition.  [Key  words:  thermodynamics,  lead  ti- 
tanatc,  single  crystals,  stress,  electrical  properties.] 

I.  Introduction 

Experimental  studies  of  the  effect  of  hydrostatic  stress  on 
the  single-crystal  properties  of  technologically  important 
ferroelectric  perovskites  such  as  BaTiOs  and  PHTiOj  have 
proven  useful  in  understanding  their  ferroelectric  properties, 
particularly  in  the  region  near  the  ferroelectric-paraelectric 
(FE-PE)  phase  transition.'  Although  the  effects  of  hydro¬ 
static  stress  on  the  properties  of  BdTiOj  have  been  extensively 
investigated,^'^  accurate  measurements  of  the  single-crystal 
properties  for  pure  Pbri03  are  difficult  because  Pb^*  losses  at 
temperatures  near  the  Curie  point  result  in  high  electrical 
conduaivity.*  This  has  dictated  the  use  of  samples  doped  with 
U  or  Nb  cha^e  compensators  to  enhance  resistivity,'  so  that, 
even  at  ambient  pressure,  considerable  discrepancies  in  re¬ 
ported  property  data  exist  because  of  differences  in  crystal 
quality.  As  a  consequence,  few  data  are  available  regarding 
the  effect  of  hydrostatic  stress  on  the  phase  transitions  and 
properties  of  pure  single-domain,  single-crystal  PUri03. 

U-doped  crystals  below  ^OT’C,  Samara^  successfully 
measured  the  pressure  dependence  of  the  permittivity  and 
Curie  point  at  hydrostatic  stresses  up  to  3  GPa.  Other  less  ex¬ 
tensive  examinations  of  doMd  crystals  under  hydrostatic  stress 
have  also  been  reported.’^  The  pressure  dependence  of  the 
dielectric  and  piezoelectric  properties  for  pure,  single-crystal 
PHri03  was  calculated  by  Amin  el  aU  from  a  phenomeno¬ 
logical  free-energy  function.  These  results  were  obtained  as 
part  of  a  more  extensive  investigation  involving  PbZr03- 
PHTiOs  (PZT)  solid  solutions,'  wherein  the  polarization  inter¬ 
action  coefficients  of  the  energy  function  for  Pbri03  were 
determined  by  extrapolation  from  values  obtained  by  fitting 
the  morphotropic  phase  boundary.  Since  Amin  ei  al.  primar- 


W.  A.  Schulze— conlribulini  editor 


Minuscript  No.  197808.  Received  January  30, 1990;  approved  July  3, 1990. 
*^iiitier,  American  Ceramic  Society. 

'Now  at  Dupont  Experimental  Statran,  Electronicx  Department,  BuiM- 
itif  334,  Wilminfton,  DE  19880. 


ily  considered  morphotropic  PZT  compositions,  no  data  were 
reported  regarding  the  effects  of  elastic  boundary  conditions 
on  the  Curie  point  and  energetics  of  the  FE^E  ^ase  transi¬ 
tion  for  pure  PVTiOy.  Recently,  however,  the  coefRcients  in 
the  energy  function  for  PtfllOy  have  been  refined  by  Haun 
etal.*  from  high-temperature  X-ray  strain  measurements  made 
on  pure,  soi-gel-derived  powders.  Using  these  coefficients,  a 
more  thorough  investigation  of  the  effect  of  elastic  boundary 
conditions  on  pure,  single-crystal  PtfllOy  is  possible. 

In  the  present  study,  therefore,  a  simple  phenomenologi- 
cai  free-enetgy  function  that  includes  the  effects  of  elastic 
boundary  conditions  is  presented  and  used  along  with  the 
coefficients  of  Haun  et  al*  to  predict  the  properties  of  pure, 
single-domain,  single-crystal  PbTiOy.  In  particular,  the  ef¬ 
fects  of  tensile  and  compressive  hydrostatic  stress  on  the 
spontaneous  polarization.  Curie  point,  dielectric  susceptibil¬ 
ity,  and  piezoelectric  property  coefficients  are  investigated. 

II.  Theoretical  Approach 

Using  reduced  tensor  notation,  the  Landau-Ginsburg- 
Devonshire  (LGO)"  free-energy  function  of  a  proper  ferro¬ 
electric  derived  from  a  phase  of  prototypic  symmetry  Pmim 
may  be  expressed  as  a  Taylor  series  in  dielectric  polarization 
as  follows: 

C,  »  ay(Pl  +  Pi  +  Pi)  +  +  P!  +  PI) 

+  a,:(PlPi  +  PiPl  +  PlPl) 

+  a,„(Pt  +  P!  -I-  P!) 

+  +  Pi)  +  PUPf  +  Pi) 

-I-  PUP}  +  Pi)] 

+  a,is(P}PlPl)  -  -I-  Xl  +  Xl) 

-  saiXiXz  X’jA’y  +  MjXi) 

-  jsM  +  XI  +  Xl) 

-  Q,l(X,P}  +  XjPl  +  XyPl) 

-  Qi2[x,(Pi  +  Pi)  +  X,(P}  +  Pi) 

+  X,(P}  +  Pi)] 

-  OwIXzFiPy  +  X,P,P,  +  XtP,Pt)  (1) 

where  P/  and  X;  are  the  polarizations  and  stresses,  respectively; 
Oi,  a^f,  and  are  the  dielectric  stiffness  and  higher  order 
stiffness  coefficients  at  constant  stress;  are  the  elastic 
compliances  at  constant  polarization;  and  are  the  cubic 
electrostrictive  constants  in  polarization  notation. 

In  the  reduced  notation,  the  tensile  stresses  are  denoted  by 
X,,X2.  Xi  and  the  shear  stresses  by  Xt,  Xy,  X».  Consequently, 
for  a  hydrostatic  stress  {a) 

X\  ^  X2  ^  Xj  ^  tr 

Af«  »  X,  -  AT.  -  0 
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and  Eq.  (1)  then  takes  the  form  »Iii  ®  (2eo{[<ri  -  (On  +  2(?u)<rJ  +  auP]  +  am/’j})"' 


G,  «  -(3jn  +  6r,i)<r*/2 

+  [o.  -  (On  +  2e,:)<rX/’f  +  Pf  +  Pi) 

+  aii(Pf  +  Pi  +  P*) 

+  a,2(P}Pl  +  PiPl  +  PlPl) 

+  a.ii(Pf  +  Pf  +  Pi) 

+  oi«[Pf(P|  +  PI)  +  P|(Pf  +  P|) 

+  P|(Pf  +  Pi)]  +  o,«(P?P|P|)  (2) 

Since  the  elastic  and  electrostrictive  terms  both  carry  n^a- 
tive  signs,  the  appropriate  sign  convention  is  adopted  aich 
that  compressive  stress  is  denoted  by  negative  values  of  rr." 
Equation  (2)  has  two  solutions  of  interest  for  PtfTiO]  corre¬ 
sponding  to  the  cubic  (Pm3m)  and  tetragonal  (Pimm)  states. 
These  are 

Pf  •  Pj  “  P|  ”  0  (cubic) 

P?  =  P|  =  0,  P|  ^  0  (tetragonal)  (3) 

By  applying  Eq.  (3)  to  Eq.  (2)  the  free  energy  functions  for  the 
cubic  and  tetragonal  states  are  obtained  as 

Gi  =  -(3ri,  +  6s, 2)0^2  (cubic)  (4) 

G,  =  -(35,,  +  65,i)<rV2  +  [a,  -  (Q„  +  2Q,2)o]Pl 

+  ai,Pt  +  a„iP3  (tetragonal)  (5) 

The  spontaneous  polarization  in  Eq.  (5)  is  determined  from 
the  first  partial  derivative  stability  condition 

SG/8P,  *  0  (6) 

which  together  with  Eqs.  (2)  and  (3)  yields  for  the  tetragonal 
state 

Pj  =  {-on  +  [o-fi  -  3o,„ 

X  (o,  -  (g„  +  2Q,j)o)n/3o,„  (7) 

The  shift  in  the  Curie  point  (T,)  with  hydrostatic  stress  was 
determined  by  finding  the  intersections  of  the  cubic  and  te¬ 
tragonal  free-energy  curves  given  by  Eqs.  (4)  and  (5).  At  each 
intersection,  the  prevailing  stress  (<r,)  is  defined  as  the  stress 
required  to  induM  the  FE-PE  transition  at  the  temperature 
specified.  The  shift  in  T  with  hydrostatic  stress  had  been  pre¬ 
viously  estimated  for  ^TiOj  by  imposing  the  condition  to 
Eq.  (7)  that  the  spontaneous  polarization  in  the  paraeiectric 
state  is  no  longer  real.*’  This  is  equivalent  to  assigning  a  value 
of  zero  to  the  square  root  in  Eq.  (7)  above  the  Curie  penM, 
such  that 

«ii  —  3oiii[oi  —  (Cl,  +  2C,])o’]  -  0 

<r*  *  —  <rii]/[3aiii(Cii  +  2Cu)]  (8) 

where  o*  is  the  approximate  stress  at  the  FE-PE  transition. 
For  a  first-order  transition,  however,  it  is  more  rigorous  to 
find  the  transition  stress  by  equating  the  energies  of  the  cubic 
and  tetragonal  phases  as  described  above.  In  the  present  case, 
the  value  of  irr  determined  from  Eq.  (8)  exceed  Of  by  ap¬ 
proximately  0.05  GPa.  At  a  specified  stress,  this  corresponds 
to  a  difference  in  the  calculated  values  of  T,  of  •>4.5*0. 

Appropriate  second  partial  derivatives  of  Eq.  (2)  give  the 
reciprocal  dielectric  susceptibilities  (jy,,)  (i.e.,  dielectric  stiff¬ 
nesses)  and  the  piezoelectric  constants  (h^) 

S^G/SP,8P,  -  X, 

8^G/8P.8X,m  (9) 

The  relative  dielectric  susceptibilities  (tj,)  of  the  tetragonal 
state  are  obtained  from  Eqs.  (2),  (3),  and  (9),  and  are  given  by 


+  15«,„PJ})-'  (10) 

where  co  is  the  permittivity  of  free  space. 

The  piezoelectric  charge  coefficients  (dy)  are  defined  by 

d*  =  bnVa  00 

and  are  therefore  given  for  the  tetragonal  state  by 
djj  «  2eoi)uCu^3 
dj,  “  2eoVaQaPi 

d,s  =  2eo*;„C44F]  (12) 

The  piezoelectric  voltage  coefficients  (g^)  are  proportional 
to  the  coefficients  by  a  factor  of  (/C  -  1)/K,  where  K  is  the 
dielectric  constant.  Since  K  >>  I  tor  PbnO],  the  piezoelec¬ 
tric  voltage  coefficients  of  the  tetragonal  state  may  be  ap¬ 
proximated  by 

Sm  hjj  “  2QuPi 
gM  “  hj,  =  2Q,2Pi 

ga  “  h,s  =  2C44P)  (13) 

Equation  (2)  shows  that  the  effect  of  hydrostatic  stress  on 
the  free-energy  function  enters  primarily  through  the  term 
involving  the  electrostriction  constants  since  the  purely  elas¬ 
tic  contribution  to  the  relative  free  energies  of  the  cuUc  and 
tetragonal  states  is  the  same  (Eqs.  (4)  and  (5)).  The  effect  of 
temperature  on  the  free-energy  function  enters  through  the 
dielMtric  stiffness  constant  (a,)  which  was  given  a  linear  tem¬ 
perature  dependence  based  on  the  Curie-^iss  law. 

a,  *  (T  -  ff)/2«,C  (14). 

where  C  is  the  Curie  constant  and  9  is  the  Curie-Weiss  tern- 1 
perature.  All  other  coefficients  were  assumed  independent' 
of  temperature  and  stress  and  have  the  values  given  in 
Table  1.  Although  this  assumption  may  not  be  strictly  valid,’! 
Goswami”  has  shown  the  approximation  to  give  excellent  re- 1 
suits  for  single-cr^al  BaTiOj.  With  the  exception  of  the  elas-* 
tic  compliances,*’  the  values  of  the  coefficients  in  Table  I 
were  determined  by  spotitaneous  strain  measurements*  rnadel 
on  pure,  sol-gel-deriv^  PVTiO}  powders.'*  1 

III.  RcanHs  am!  Disevssion 

(I)  Spontaneous  Polarization,  Curie  Point,  and  Relathe  I 
Phase  Stabilities  I 

The  hydrostatic  stress  dependence  of  the  spontaneous  po¬ 
larization  IP,)  for  single-domain,  single-crystal  PUTiO]  in  thq| 


Tabic  I.  Constants  Used  with  Eq.  (2)* 


Parimeier 

Vklue 

T,  CO  (<r  =  0) 

492.2 

9CC) 

478 

C(10’*C) 

1.5 

Q„  (10-’  m*/C») 

8.9 

Q,2  (10-’  mVC’) 

-2.6 

C44  (10-’  m*/C’) 

6.75 

5„  (10-”  m’/N) 

6.785* 

5,1  (10-”  m’/N) 

-2.5* 

0,  (10*  m/F)  at  T,  (a  *  0) 

5.045 

a,  (10*  m/F)  at  25'C  (a  =  0) 

-1.708 

o„  (lO’m’AC’  F)) 

-7.252 

au  (10'mV(C’  F)) 

7.5 

a,„  (10*mV(C*  F)) 

2.606 

a„2(10*mV(C*F)) 

6.1 

o,2,(10*m7(C*F)) 

-3.66 
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tetragonal  state  b  shown  at  various  tenqieiatuies  in  Fig.  1. 
Undn  hydrostatic  conqnession,  the  polarization  decruses 
with  increasing  stress  aind  drops  discontinuously  to  zero  at 
w*.  the  stress  required  by  Eq.  (8)  above  the  FE-PE  transi¬ 
tion.  At  room  temperature,  <r*  takes  a  value  of  4.8  GPa. 
Under  hydrostatic  tension,  the  spontaneous  polarization  in¬ 
creases  gradually  from  the  zero  stress  value.  Although  no  ex¬ 
perimental  polarization  versus  stress  data  for  POTiOs  are 
available  for  comparison,  the  general  shapes  of  the  curves  in 
the  ccmqxessive  region  of  Fig.  1  are  similar  to  those  experi¬ 
mentally  determine  for  single-crystal  BaTiOa.^ 

The  hydrostatic  stress  dependence  of  the  Curie  point  deter¬ 
mined  from  Eqs.  (4)  and  (S)  is  shown  along  with  the  experi¬ 
mental  data  of  Samara*  in  Fig.  2.  The  value  of  -dTc/do  = 
96*C/GPa  was  determined  from  the  theory,  as  compared  to 
tlw  value  of  84*C/GPa  determined  by  Samara  from  the  initial 
slope  of  a  smooth  curve  drawn  as  a  least-squares  fit  to  the 
high-pressure  data  and  the  ambient-pressure  value.  A  value  of 
84'’C/GPa  was  also  obtained  from  high-pressure  structural 
studies.*  The  positive  deviation  from  linearity  in  the  experi¬ 
mental  Tc  vs  O’  curve  of  Fig.  2  might  suggest  that  true  hydro¬ 
static  conditions  may  not  have  prevailed  at  the  higher  stresses, 
thereby  artificially  lowering  the  observed  value  of  -dTc/do.* 
Alternatively,  this  deviation  may  be  indicative  of  a  transition 
to  second-o^r  behavior  with  increasing  hydrostatic  stress.* 
It  b  clear  that  the  simply  formulated  free-energy  function  of 
Eq.  (2)  (with  pressure  independent  coefficients)  will  not  pre¬ 
dict  such  a  transition.  For  the  present  purposes,  however,  it 
is  sufficient  to  consider  that  the  main  effect  of  an  applied 
hydrostatic  stress  is  to  shift  the  Ps  vs  T  curve  along  the  T-axis. 
The  implication  is  then  that  the  dipole  moment  is  relatively 
insensitive  to  stress,  such  that  the  chief  effect  of  hydrostatic 
stress  on  the  properties  of  pure,  single-crystal  PbTiOa  lies  in 
its  influence  on  Tc-  Recognizing  the  limitations  of  such  a 
treatment,  predictions  of  the  energetics  of  the  FE-PE  transi¬ 
tion  made  on  this  basis  are  nevertheless  found  to  be  in  quite 
good  agreement  with  the  experimental  measurements,  as  dis¬ 
cussed  below. 

The  calculated  value  of  -dTc/do’was  used  along  with  the 
Oausius-Oapeyton  equation  to  determine  the  enthalpy  and 
entropy  change  at  the  first-order  FE-PE  transition. 

dTc/do  *  TchV/hH  =  hV/hS  (15) 

The  value  of  AF(FE-PE)  =  -0.2041  x  10~*  mVmol,  obtained 
from  high-temperature  X-ray  measurements,*  gives  hS  - 
2.1  J/(mol  ■  K)  and  hH  =  1590  J/mol.  These  values  are  in  ex¬ 
cellent  agreement  with  the  experimentally  determined  values* 
of  AS  =  1.9  ±  0.2  J/(mol  K)  and  A//  =  1460  ±  190  J/md. 
Consequently,  it  is  expected  that  calculations  made  using 
Eq.  (2),  with  the  coefficients  of  Table  I,  will  provide  rea- 


HvimonTATic  tracn  mas  tofa) 

Fig.  I.  Calculated  spontaneous  polarization  versus  hydrostatic 
stress  at  various  temperatures. 


HYDROSTATIC  STRESS  BIAS  (OPa) 

Fig.  2.  Comparison  of  experimental  and  calculated  shift  of  the 
Curie  point  with  hydrostatic  stress.  Experimental  data  are  for 
U-doped  crystals  (after  Samara,  Ref.  4). 

sonable  approximations  of  the  dielectric  and  piezoelectric 
properties. 

In  the  forcing,  it  was  tacitly  assumed  that  the  tetragonal 
phase  is  the  stable  phase  at  all  hydrostatic  stresses  below  Ot- 
Although  BaTiO)  transforms  to  an  orthorhombic  phase  on 
cooling,^  no  such  transformation  has  been  observed  for 
PBTiO).  Since  the  orthorhombic  phase  would  be  expected  to 
occupy  a  larger  volume  relative  to  the  tetragrmal  phase,  the 
possibility  exists  of  destabilizing  the  tetragonal  phase  under  a 
sufficiently  large  hydrostatic  tensile  stress. 

To  examine  this  possibility,  the  appropriate  solution  for  the 
orthorhombic  (Bmml)  state  (i.e.,  Pf  =  Pi  *  0,  Pi  =  0)  was 
used  with  Eq.  (2)  to  calculate  the  relative  free  energies  of  the 
tetragonal  and  orthorhombic  states  as  a  function  of  hydro¬ 
static  stress  and  temperature.  It  has  been  previously  shown* 
that,  under  zero  stress  conditions,  the  value  of  =  -onfiiH 
primarily  controls  the  relative  stability  of  the  orthorhombic 
and  tetragonal  phases  at  temperatures  down  to  -273”C.  The 
free-energy  calculations  made  using  1^.  (2)  showed  that,  even 
at  -live,  the  value  of  th  is  sufficiently  large  to  destabilize 
the  orthorhombic  phase  to  hydrostatic  tensile  stresses  of  up  to 
«530  GPa.  Consequently,  under  physically  realizable  condi¬ 
tions,  the  calculations  suggest  that  only  the  properties  of  the 
tetragonal  state  requite  consideration. 

0  Dieleelric  Susceptibility  and  Pieioeleetrie  Coefficients 

The  pressure  dependence  at  25°C  of  the  relative  dielectric 
susceptibility  coefficients  is  shown  in  Fig.  3.  In  accordance 
with  Fig.  2,  similar  curves  displaced  along  the  cr-axis  ate  ob¬ 
tained  at  other  temperatures.  Consistent  with  experiment,* 
the  dielectric  susceptibility  increases  rapidly  close  to  Oc-  Near 
the  transition,  the  susceptibility  (t^m)  parallel  to  the  polar 
axis  is  much  greater  than  the  perpendicular  susceptibility 
(ifii),  but  at  stresses  below  -3.5  GPa,  the  two  curves  inter¬ 
sect.  As  with  the  tetragonal  phase  stability,  the  value  of  ib 
controls  the  dielectric  anisotropy.*  Following  from  the  earlier 
discussion  of  Fig.  2,  the  isothermal  variation  of  the  dielectric 
anismropy  with  hydrostatic  stress  is  in  all  respecu  analogous 
to  the  isobaric  variation  with  temperature.* 

The  pressure  dependence  at  25‘’C  of  the  piezoelectric 
charge  and  voltage  coeffleients  is  shown  in  Figs.  4  and  5, 
respectively.  The  charge  coefficients  increase  rapidly  near 
<r,  because  of  the  strong  pressure  dependence  of  the  dielectric 
susceptibilities.  The  voltage  coehicients  vary  only  with 
polarization  and  therefore  decrease  with  stress  and  drop  dis¬ 
continuously  to  zero  near  o,.  As  with  the  dielectric  suscepti¬ 
bilities,  curves  similar  to  those  in  Figs.  4  and  5  shifted  along 
the  o-axis  are  obtained  at  other  temperatures.  Again,  the 
isothermal  variation  of  the  piezoelectric  coefficients  with 
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nf.3.  Calculated  relative  dielectric  susceptibility  coefficients 
versus  hydrostatic  stress  at  2S*C.  Compressive  region  is  to  the  right 
of  the  origin,  tensile  region  to  the  left. 


Fig.  5.  Calculated  piezoelectric  voltage  coefficients  versus  hydro¬ 
static  stress  at  2S‘C.  Compressive  region  is  to  the  right  of  the 
origin,  tensile  region  to  the  left. 


hydrostatic  stress  is  analogous  to  the  isobaric  variation  with 
temperature.* 


IV.  Summary 

A  phenomenological  free-energy  function  including  the  ef¬ 
fects  of  elastic  boundary  conditions  was  presented  and  used  to 
predict  the  properties  of  single-domain,  single-crystal  PUTiO}. 
In  the  present  theory,  the  hydrostatic  stress  dependence  of 
the  single-domain,  single-crystal  properties  can  be  inter¬ 
preted  in  terms  of  the  displacement  with  stress  of  the  sponta¬ 
neous  polarization  (Ps)  versus  temperature  (T)  curve  along  the 
r-axis.  The  calculated  shift  of  the  Curie  point  with  hydro¬ 
static  stress  (-dTc/dtr  ==  98*C/GPa),  along  with  the  calcu¬ 
lated  entropy  (^5  -  2.1  J/(mol  ■  K))  and  enthalpy  (A/f  = 
1S90  J/mol)  of  the  fenoelectric-paraelectric  phase  transition, 
was  found  to  be  in  good  agreement  with  experimental  meas¬ 
urements.  Also  in  agreement  with  experiment,  the  orthorhom¬ 
bic  phase  was  found  to  be  metastable  relative  to  the  tetragonal 
phase.  At  absolute  zero,  the  metastability  of  the  orthorhombic 
phase  was  calculated  to  persist  even  under  the  application  of 
high  hydrostatic  tensile  stresses.  Predictions  of  the  isothermal 
variation  of  the  relative  dielectric  susceptibility  and  piezo¬ 
electric  coefficients  with  hydrostatic  stress  showed  the  ex¬ 
pected  behavior  near  the  ferroelectric -paraelectric  phase 
transition. 


Fig.  4.  Calculated  piezoelectric  charge  coefficients  versus  hydro¬ 
static  stress  at  2S*C.  Compressive  region  is  to  the  right  of  the 
origin,  tensile  region  to  the  left. 


The  present  calculations  confirm  the  utility  of  the  simply 
formulated  Landau-Ginsburg-Devonshire  (LGD)  formalism, 
as  well  as  the  validity  of  the  associated  coefficients  used,  in 
describing  the  static,  single-domain,  single-crystal  properties 
of  PHTiO)  subject  to  elastic  boundary  conditions.  In  subse¬ 
quent  work,  we  intend  to  extend  the  present  calculations 
using  the  coefficients  recently  determined”''*  for  the  PbZrOj- 
PUTiOs  solid-solution  system  to  investigate  the  effects  of 
elastic  boundary  conditions  on  technologically  important 
compositions  near  the  morphotropic  phase  boundary. 
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X-ray  diffraction  analyses  of  chemically  derived  Pbi.xLax(Zro.65Tio.35)i-x/403 
(PLZT)  powders  were  combined  with  a  phenomenological  theory  to  investigate  the 
corresponding  single-crystal  ferroelectric  properties  of  compositions  incipient  to  the  relaxor 
phase  transition  region  (x  =  0  -  0.04).  The  powder  diffraction  analyses  served  to  quantify 
the  temperature  and  composition  dependences  of  two  types  of  strain  arising  in  these 
materials:  1)  strain  that  is  electrostrictive  in  origin  (spontaneous  strain)  and  2)  the  strain 
associated  with  composition  and/or  structure-state  fluctuations  (lattice  strain).  The  combined 
results  suggested  that  small  deviations  from  the  average  composition  (x)  may  result  in 
significant  inhomogeneities  in  the  internal  strain  field.  The  temperature  dependence  of  the 
electrostrictive  strain  component  X4  was  found  to  be  well  described  by  the  Landau-Ginsburg- 
Devonshire  theory  taking  Tc  =  357°C  independent  of  La  content  (x).  This  result  allowed  for 
the  calculation  of  the  single-domain,  single-crystal  elastic  Gibbs  free-energy  density  as  a 
function  of  temperature  and  composition.  Based  on  a  simple  superparaelectric  model  of 
relaxor  behavior  involving  the  temperature  stabilization  of  noninteracting  polar  microregions, 
the  calculations  suggested  that  the  stability  of  the  polar  regions  against  thermal  agitation 
becomes  strongly  composition  dependent  when  their  size  is  reduced  below  the  range  of  5  - 
15  nm. 
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I.  INTRODUCTION 

Ferroclectrics  showing  relaxor  phase  transition  behavior  are  of  considerable 
theoretical  as  well  as  practical  interest.  These  materials  find  a  variety  of  applications  in 
ceramic  form,  particularly  as  electrostrictive  actuators  and  capacitor  dielectrics.  The  best 
studied  class  of  relaxor  ferroelectrics  are  compounds  and  solid  solutions  of  oxides 
crystallizing  with  the  simple  perovskite  structure.  Although  the  mechanisms  underlying 
relaxor  behavior  in  the  perovskite-based  systems  are  not  yet  clear,  frustration  of  the  normal 
ferroelectric  transition  appears  to  arise  in  general  due  to  nanostnictural  lattice  imperfections 
which  locally  lower,  but  do  not  destroy  entirely,  the  translational  symmetry.  Smolensk!  1 
first  proposed  the  widely  held  view  that  the  origin  of  the  symmetry  lowering  lies  in  chemical 
microheterogeneity,  which  in  turn  results  in  a  broad  distribution  of  local  Curie  temperatures. 
Alternatively,  from  a  series  of  transmission  electron  microscope  (TEM)  studies^,  it  now 
appears  that  for  the  complex  A(B (82)03  perovskite  compounds,  the  origin  lies  in  the 
coherence  length  of  the  long  range  B-site  ordering.  Other  structural  features  involving  defect 
dipoles,  inhomogeneous  order,  and  incommensurate  phase  transitions  may  also  play  a  role  in 
relaxor  behavior^. 

Cross^  has  pointed  out  that  the  development  of  a  stable  ferroelectric  polarization 
within  a  postulated  microregion  of  a  relaxor  crystal  requires  that  the  energy  barrier  separating 
symmetry  equivalent  polarization  oiientation  states  be  sufficient  to  stabilize  the  region  against 
thermal  agitation.  Since  ferroelectricity  is  a  cooperative  phenomenon,  all  energies  scale  with 
volume.  Consequently,  by  analogy  with  ferromagnetism,  superparaelectric  behavior  may 
result  if  the  microregions  cannot  develop  sufficient  volume  stabilization  or  electrocrystalline 
anisotropy  energy  with  respect  to  other  degrees  of  freedom.  Although  the  superparaelectric 
model  accounts  for  many  of  the  observed  properties  of  relaxor  ferroelectrics,  such  as  the 
frequency  dependence  of  the  permittivity  and  dielectric  aging^-®,  few  quantitative  estimates 
have  been  reported  regarding  the  microregion  size  and/or  composition  dependence  of  the 
energy  barriers  separating  equivalent  polarization  orientation  states  for  actual  relaxor  crystals. 


The  Landau-Ginsburg-Devonshire  (LGD)  free-energy  formalism  provides  a  realistic 
macroscopic  thermodynamic  description  of  the  single-domain,  single-crystal  elastodielectric 
properties  of  normal  (proper)  ferroelectric  materials^.  In  the  absence  of  suitable  quality 
single-crystal  samples,  high-temperature  cell  parameter  measurements  have  proved  invaluable 
in  the  development  of  the  phenomenological  theniKxlynamic  theories  for  several  perovskite 
ferroelectric s  and  their  solid  solutions®*^.  These  measurements  establish  the  temperature 
dependence  of  the  spontaneous  elastic  strain,  which  is  related  through  the  electrostrictive 
strain  equations  to  the  spontaneous  polarization.  The  spontaneous  polarization  is  the 
macroscopic  order  parameter  for  the  paraelectric-ferroelectric  (PE-FE)  phase  transition,  and 
its  temperature  dependence  can  be  used  to  determine  the  higher-order  polarization  interaction 
coefficients  needed  to  evaluate  the  elastic  Gibb's  free-energy  density  function. 

Previous  investigations  have  utilized  this  approach  extensively  in  phenomenological 
studies  of  the  PbZryTii.yOs  (PZT)  solid  solution  systeml^.H,  in  the  present  work,  we 
extend  the  X-ray  measurements  to  the  Pbi.xLax(ZryTii.y)i.x/403b)  (PLZT)  system  and 
consider  compositions  where  y  =  0.65  and  x  =  0  -  0.04  (  also  denoted  X/65/35  with  X  =  0  - 
4).  As  judged  from  the  published  phase  diagraml^  shown  in  Figure  1,  compositions  in  this 
series  begin  to  assume  significant  relaxor  ferroelectric  character  at  compositions  near  x  = 
0.04.  Although  the  nanostructural  features  leading  to  relaxor  behavior  in  PLZT  solid 
solutions  are  not  yet  entirely  understood,  it  is  clear  that  they  are  intimately  associated  with  the 
La  content  (x).  This  observation  does  not  necessarily  imply  the  distribution  of  Curie 
temperatures  (and  the  corresponding  predictions)  of  the  Smolenski  modelL  Alternatively, 
recent  studies^^  suggest  that  nanostructural  features  potentially  modulated  through  the  La 
content,  such  as  the  distribution  and/or  ordering  of  Pb  vacancies  and  the  associated  defect 
dipoles,  may  break  the  translational  symmetry  sufficiently  to  localize  the  polarization  to 


The  choice  of  the  B-site  vacancy  formula  for  the  synthesis  of  these  compositions  was  arbiu-ary  and  not 
meant  to  imply  a  particular  defect  structure. 


superparaelectric  regions  on  a  size  scale  appropriate  to  interpretation  on  the  basis  of  a  spin- 
glass  model 

It  is  the  purpose  of  the  present  paper  to  describe  an  initial  X-ray  and 
phenomenological  study  of  the  La-modified  PZT  system.  For  this  study,  alkoxy-derived 
PLZT  powders  were  prepared  with  compositions  approaching  those  in  the  relaxor 
ferroelectric  phase  transition  region  (x  =  0.00  -  0.04).  Precise  cell  parameter  and  X-ray  line 
broadening  measurements  were  combined  to  quantify  the  composition  and  temperature 
dependences  of  both  the  spontaneous  and  root  mean  square  (RMS)  lattice  strains.  The 
temperature  dependence  of  the  spontaneous  strain  was  modelled  using  the  LGD  free-energy 
formalism.  The  results  are  discussed  on  the  basis  of  a  simple  superparaelectric  model  of 
relaxor  behavior. 

II.  EXPERIMENTAL  PROCEDURE 

The  PLZT  powders  were  prepared  from  lead  acetate  trihydrate,  lanthanum 
isopropoxide,  zirconium  n-butoxide,  and  titanium  isopropoxide  according  to  a  modification 
of  a  procedure  described  earlierl^.  All  manipulations  of  the  starting  chemicals  and  reaction 
mixtures  were  carried  out  in  a  glove  box  under  dry  nitrogen.  Initially,  1:8  (m/m)  solutions  of 
the  lead  compound  and  of  the  combined  alkoxides  in  2-methoxyethanol  (2-MOE)  were 
prepared.  The  Pb  solution  was  dehydrated  by  boiling  and  the  combined  alkoxide  was 
refluxed  (*>  1  hr  in  each  case)  prior  to  mixing  at  approximately  100  °C.  The  mixed  solution 
was  then  refluxed  until  a  constant  boilng  temperature  of  124  '’C  (the  boiling  point  of  pure  2- 
MOE)  was  attained.  At  this  stage,  the  H2O  content  of  the  solution,  as  measured  by  Karl 
Fisher  titration,  had  been  reduced  to  <  5  ppm.  The  refluxed  solution  was  then  concentrated, 
cooled,  filtered  through  a  0.5  pm  filter,  and  adjusted  in  concentration  to  0.6  M.  Prior  to 
hydrolysis,  6  mol  %  Pb  in  excess  of  the  formula  amount  was  introduced  as  a  dehydrated 
solution  of  lead  acetate  in  2-MOE.  The  resulting  solution  was  chilled  to  -25  °C  and  excess 
water  for  hydrolysis  (>  4:1  mol  H20/moI  alkoxide)  was  added  as  a  1:2  (v/v)  solution  in  2- 


MOE.  The  hydrolyzed  solution  was  gelled  by  heating  in  sealed  vials  to  80  *’C.  The  gels  were 
then  air  dried  for  2  days  at  90  "C,  ground  in  an  agate  mortar  and  pestle,  and  calcined  to  a 
maximum  temperature  of  1 100  °C  for  1  hr  with  intermediate  holds  on  heating  at  250  °C  (30 
min),  500  “C  (  2  hrs),  and  800  "C  (6  hrs).  The  final  concentration  of  the  volatile  Pb 
component  was  veritied  using  inductively  coupled  plasma  atomic  emission  spectroscopy,  and 
agreed  with  the  expected  (B-site  vacancy  formula)  values  to  within  a  few  percent. 

As  shown  in  Figure  2,  the  resulting  powders  were  well  crystallized  and  showed  very 
sharp  diffraction  peaks  for  the  rhombohedral  perovskite  phase.  No  secondary  phases  were 
detected  by  X-ray  diffraction.  The  splitting  associated  with  the  rhombohedral  111  and  220 
peaks  (20  «  38®  and  64®,  respectively)  became  quite  small  at  compositions  near  x  =  0.04, 
making  high  temperature  cell  parameter  measurements  for  higher  La  content  samples  difficult 
using  standard  X-ray  techniques,  and  requiring  that  careful  attention  be  paid  to  the  details  of 
the  measurement  conditions. 

All  analyses  of  the  X-ray  data  were  performed  using  commercially  available  software. 
The  high  temperature  diffraction  experiments  were  carried  out  on  a  carefully  aligned 
automated  diffractometer  employing  CuKa  radiation.  The  temperature  stability  of  the  sample 
hot  stage  was  ±0.1  ®C  over  the  measurement  range  (-50  -  300  ®C).  For  the  cell  parameter 
measurements,  a  0. 1  mm  receiving  slit  and  0.5  °  divergence  and  scattering  slits  were  used. 
The  rhombohedral  cell  parameters  were  determined  by  refinement  over  four  pairs  of 
reflections.  The  step  size  (in  degrees  20)  and  count  times  were  varied  according  to  the 
diffraction  angle  of  these  peaks  as  follows;  111/11-1  (0.005®/2s);  220/20-2  (0.01°/5s); 
222/22-2  (0.02  ®/10s);  420/40-2  (0.02  ®/15s).  Accurate  assignment  of  the  peak  positions 
was  facilitated  by  fitting  with  a  Marquardt  least  squares  routine  that  properly  accounted  for 
the  Ka  splitting.  In  this  routine,  the  only  fixed  parameter  was  the  peak  width,  which  was 

held  constant  at  the  room  temperature  value.  This  procedure  generally  permitted  the  cell 
constants  to  be  refined  with  an  absolute  angular  precision  of  belter  that  0.025  ®  20  although. 
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especially  for  the  higher  La  content  samples,  the  relatively  broad,  low  intensity  420/40-2 
peaks  occassionally  had  to  be  omitted  from  the  analysis. 

Semiquantitative  estimates  of  the  RMS  lattice  strains  <e2>l/2  were  obtained  using  a 
modified  Warren-Averbach  analysis  of  the  100  and  200  line  profiles  using  the  100  and  201 
reflections  of  quartz  as  an  external  reference  standard.  For  the  line  proHle  measurements,  a 
0.2  mm  receiving  slit  and  1°  divergence  and  scattering  slits  were  used.  The  profiles  were 
obtained  as  step  scans  using  a  step  size  of  0.005  ®  20  and  count  times  of  2  -  10  s  to  ensure 
=»  10,000  counts  on  the  peak  maxima.  The  profiles  were  corrected  for  background  and  Ka2 
prior  to  analysis.  Peak  positions  were  determined  using  the  best  fit  to  the  maxima  chosen 
from  among  parabolic,  Gaussian  and  Cauchy  functions.  The  error  in  the  analysis  was 
estimated  from  the  error  in  determining  the  effective  crystallite  size  Deff. 

To  assess  the  PE-FE  phase  transition  character  for  these  compositions,  differential 
scanning  calorimetry  (DSC)  was  performed  at  a  heating  rate  of  10  ®C/min  under  flowing  N2. 
The  DSC  traces  showed  only  a  flat,  featureless  baseline  in  the  temperature  range  of  25  -  450 
®C,  consistent  with  the  expectation  of  second-OKler  phase  transition  behavior*^. 

III.  RESULTS  AND  DISCUSSION 
A.  Spontaneous  Strain 

The  room  temperature  rhombohedral  angle  and  associated  shear  strain  component 
are  shown  for  various  La  contents  (x)  in  Table  I.  The  shear  strain  component  X4  was  related 
to  the  rhombohedral  angle  a  by*® 

X4  =  (90-a)/90  (1) 

The  temperature  dependence  of  X4  in  the  region  of  R3m  phase  stability  is  shown  for  x  = 
0.00,  0.02,  and  0.04  in  Figure  3.  The  terminus  of  each  curve  represents  the  temperature 


above  which  the  cell  parameters  could  no  longer  be  leHned  with  the  desired  precision,  not  the 
temperature  of  transition  to  cubic  symmetry.  Figure  3  shows  that  the  addition  of  even  small 
amounts  of  La  resulted  in  a  large  decrease  in  X4  relative  to  unmodified  PZT,  The  relative 
change  of  X4  with  La  content  shown  in  Figure  3  is  much  larger  than  the  change  with  Zr/Ti 
ratio  observed  for  unmodified  PZT  compositions  across  the  entire  rhombohedral  phase 
fieldlS. 

The  temperature  dependence  of  the  spontaneous  strain  was  modelled  using  the 
Landau-Ginsburg-Devonshire  (LGD)  free-energy  formalism^.  Using  reduced  tensor 
notation,  an  appropriate  expression  for  the  elastic  Gibbs  free-energy  density  of  a  ferroelectric 
of  rhombohedral  symmetry  derived  from  a  prototype  of  symmetry  Pm3m  is*^: 

Gi=  3Xo(T-To)P32  +  ^P36H-(3e32-hv034+(l)P32e32 

-  1/2sii(Xi2-hX22-hX32)-  Si2(XiX2+X2X3-*-X3Xi)  -  1/2S440U^  +  Xs^  +  Xe^) 

-  (Qll+  2Qi2)(Xi  +  X2  +  X3)P32  -  Q44(X4+X5+X6)P32 

(2) 

-  (Rii-H  2Ri2)(Xi  -*■  X2  +  X3)032  -R44(X4+X5+X6)032 


where  P3  is  a  vector  component  of  spontaneous  polarization;  03  is  a  component  of  the 
oxygen  octahedral  tilt  angle;  Xj  is  a  tensor  component  of  elastic  stress;  Xq,  ^  ^  are  related 
to  the  dielectric  stiffness  and  higher-order  stiffness  coefficients  at  constant  stress;  P,v  are 
related  to  the  octahedral  torsion  coefficients;  <()  is  related  to  the  coupling  coefficients  between 
polarization  and  tilt  angle;  sy  are  the  elastic  compliances  at  constant  polarization;  Qjj  are  the 
cubic  electrostriction  constants  in  polarization  notation;  and  Rij  are  the  rotostrictive 
coefficients  coupling  tilt  angle  and  stress. 

Considering  initially  only  the  phase  of  R3m  symmetry  (03  =  0),  from  the  first  partial 


derivative  stability  condition 
5Gi/5P3  =0 


(3) 


the  spontaneous  polarization  for  a  second-order  transition  (To  =  Tc)  may  be  obtained  as 


P32  =  {-C  +  K2  -  9Xo(T  -  Tc)^]1/2)/3^  (4) 

with  Xq  =  l/(2eoC)  where  C  is  the  Curie  constant  and  Eo  is  the  permittivity  of  free  space. 
Rearranging  to  eliminate  the  explicit  dependence  on  C  and  simplifying  gives 

P32  =  A{1-[1-B(T-Tc)]1/2}  (5) 

with  A  =  -  ^C/3^C  and  B  =  9^C/[2eo(CC)2].  The  spontaneous  strain  (Xj  h  0)  is  given  by  the 
appropriate  partial  derivative  of  Eq.  (2) 

-5Gi/SX4  =  X4  =  Q44P3^  (6) 

Combining  with  Eq.  (5)  yields 

X4  =  A'{1-[1.B(T-Tc)]1/2}  (7) 

where  A'  =  AQ44- 

It  is  worth  noting  here  tiiat  the  polarization  enters  in  Eq.  (6)  as  the  square  and  so  the 
strain  does  not  depend  on  the  sign  of  P.  Furthermore,  fluctuations  of  the  polarization  among 
the  symmetry  equivalent  orientation  states  are  unimportant  provided  the  time  spent  by  the 
polarization  vector  along  the  <1 1 1>  is  long  compared  to  the  time  spent  between  states.  The 
strain  determined  from  the  X-ray  measurements  and  Eq.  (1)  therefore  reflects  the  time  and 
space  averaged  value  of  the  spontaneous  polarization  i.e.,  the  spontaneous  strain  associated 
with  the  net  polarization  component  along  the  symmetry  equivalent  <I  1 1>  orientations  for  a 
corresponding  hypothetical  single-crystal  of  average  composition  (x). 

Eq.  (7)  was  used  to  fit  the  spontaneous  strain  data  in  Figure  3  using  a  Marquardt 
nonlinear  regression  analysis  with  A',  B,  and  Tc  as  adjustable  constants.  Taking  Tc  from 
the  radio  frequency  dielectric  measurements  (Figure  1),  values  of  A'  and  B  could  not  be 
found  to  adequately  describe  the  data  for  the  x  =  0.02  and  0.04  compositions.  Convergence 


could  be  achieved  for  these  compositions  by  allowing  A*,  B,  and  Tc  to  vary  simultaneously, 
although  for  the  x  =  0.04  sample,  the  value  of  Tc  so  obtained  had  no  obvious  physical 
significance  and  the  values  of  A'  and  B  became  unacceptable  (i.e.  B  became  very  large  and 
A'— >  0).  The  refractive  index  results  of  Bums  and  Dacol^^,  and  the  X-ray  scattering  results 
of  Darlington^^,  have  shown  that  the  onset  of  local  polarization  is  independent  of  x  for  x  s 
0.07  -  0.095  and  occurs  at  a  temperature  Tc  »  350  -  360  ®C  Oiereinafter  termed  Tsums)  of  the 
unmodified  PZT  end  member.  Rapid  convergence  to  the  fits  shown  by  the  solid  lines  in 
Figure  3  that  also  yielded  reasonable  values  of  A'  and  B  was  attained  using  a  composition 
independent  value  of  Tc  =  Tsums  “  357  "C.  The  excellent  fit  to  the  data  in  Figure  3 
suggests  that  the  onset  of  local  polarization  for  the  lower  La  compositions  (x  ^  0.04)  also 
occurs  near  360  ®C,  and  that  the  relaxor  behavior  observed  for  the  higher  La  contents  is 
incipient  from  the  introduction  of  even  small  amounts  of  La.  The  values  of  the  fitting 
constants  A'  and  B  are  listed  along  with  the  associated  values  of  the  higher-order  dielectric 
stiffness  -  Curie  constant  products,  and  ^C,  in  Table  II. 

Considering  now  the  phase  of  R3c  symmetry  (63  *  0),  the  spontaneous  strain 
becomes 

-  5G 1/5X4  =  X4  =  Q44P3^  +  R44032  (8) 

For  the  PZT  system,  R44  has  been  shown  to  be  negative^^  and  so  the  rotostrictive 
contribution  to  the  strain  lowers  the  value  relative  to  electrostriction  alone.  Apparently,  this 
is  also  the  case  for  the  PLZT  compositions  studied  here,  as  shown  in  Figure  4.  The  solid 
lines  in  Figure  4  represent  an  extrapolation  of  the  electrostrictive  strain  for  the  R3m  phase 
according  to  Eq.  (7),  while  the  dashed  lines  are  smoothed  fits  to  the  experimental  data  over 
the  complete  measurement  range.  The  arrows  indicate  the  rhombohedral  -  rhombohedral 
phase  transition  temperatures  from  Figure  1.  The  points  of  departure  of  the  data  from  the 
calculated  lines  for  electrostriction  alone  are  roughly  in  agreement  with  the  acoustic 
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measurement  results  shown  on  the  phase  diagram.  This  result  supports  the  choice  of  Tc  = 
'^Bums  used  in  fitting  the  electrostrictive  strain  data  for  the  R3m  phase  since,  to  a  good 
approximation,  the  transition  temperature  to  R3c  symmetry  is  also  correctly  predicted. 

B.  Lattice  Strain 

The  effective  crystallite  size  and  RMS  lattice  strain  for  samples  of  various  La  content 
(x)  are  shown  in  Table  I.  Within  the  error  of  the  analysis,  the  effective  crystallite  size  was  a 
constant  S3  nm.  Figure  5  shows  scanning  electron  micrographs  of  the  x  =  0.00  sample.  At 
the  lower  magnification  it  is  apparent  that  each  agglomerate  is  composed  of  relatively 
uniform,  acicular  primary  panicles.  On  higher  magnification  it  is  seen  that  the  size  of  these 
panicles  is  *  60  nm,  and  so  is  in  good  qualitative  agreement  with  the  effective  crystallite  size 
determined  from  the  Warren-Averbach  analysis.  The  corresponding  RMS  lattice  strains  for 
these  compositions  were  also  nearly  constant,  although  there  was  a  small  but  distinct  increase 
for  the  sample  with  composition  x  *  0.04.  As  judged  from  the  radio  frequency  dielectric 
measurements!^,  this  composition  marks  the  onset  of  the  relaxor  phase  transition  region. 
Although  the  absolute  magnitude  of  the  lattice  strains  estimated  from  line  profile  analyses 
must  be  interpreted  with  great  care,  it  is  interesting  to  note  that  the  values  obtained  (*  0.001) 
are  on  the  same  order  of  magnitude  as  the  difference  in  the  electrostrictive  strain  Ax4  between 
samples  of  different  La  content  in  the  range  of  x  =  0.00  -  0,04.  Consequently,  the  data  in 
Figure  3  and  Table  1  may  suggest  that  small  deviations  from  the  average  composition  (x) 
lead  to  significant  inhomogeneities  in  the  electrostrictive  strain  field.  Based  on  a  spin-glass 
model,  inhomogeneity  in  the  internal  strain  field  has  recently  been  proposed  as  a  possible 
frustration  mechanism  leading  to  freezing  of  the  polarization  in  these  materials^^. 

The  RMS  lattice  strain  for  a  sample  of  composition  x  =  0.04  is  shown  as  function  of 
temperature  in  Figure  6.  The  lattice  su’ain  was  constant  from  -50  to  200  ®C,  but  dropped 
sharply  between  200  and  250  °C,  very  near  the  temperature  of  the  radio  frequency 
permittivity  maximum  (Figure  1).  Also  in  this  temperature  range,  the  rhombohedral  angle 


became  too  small  to  accurately  measure  (220  °C).  Based  on  lattice  softening  and  dielectric 
measurements,  Vichland  et  alP’  have  recently  proposed  a  revised  version  of  the  phase 
diagram  of  Rguie  1  and  defined  a  temperature  Tperc  *  250  ®C  at  which  thermally  fluctuating 
polar  microregions  can  begin  to  deform  electrostrictively  into  the  surrounding  matrix.  Since 
the  freezing  temperature  Tf  (the  temperature  determined  by  extrapolating  the  collapse  of  the 
remanent  polarization  to  P  =  0)  for  the  x  »  0.04  composition  is  also  close  to  this  temperanire 
(Tf  «*  T  at  Kmax).  the  internal  strain  associated  with  this  deformation  should  also  saturate  near 
250  °C.  The  data  in  Figures  3  and  6  are  consistent  with  this  suggestion;  the  lattice  strain 
increased  and  rapidly  saturated  in  the  same  narrow  temperature  regime  where  a  well  defined 
rhombohedral  shear  became  evident  under  interrogation  by  X-ray  wavelength  probing 
radiation. 

In  summary,  the  combined  results  of  spontaneous  and  lattice  strain  measurements  on 
alkoxy-derived  PLZT  powders  with  compositions  incipient  to  the  relaxor  phase  transition 
region  indicate  that:  1)  the  electrostrictive  strain  for  the  R3m  phase  can  be  well  described 
using  a  simple  LCD  formalism  by  taking  Tc  =  Tsums  "  357  ®C  independent  of  La  content 
(x);  this  result  implies  the  existence  of  a  local  (RMS)  polarization  up  to  Teums  2)  small 
deviations  from  the  average  composition  (x)  and  thermal  fluctuations  of  the  local  polarization 
may  both  contribute  to  significant  inhomogeneities  in  the  internal  strain  field.  Both 
observations  are  better  interpreted  on  the  basis  of  a  superparaelectric  model  involving 
localized  polarization  as  opposed  to  a  distribution  of  local  Curie  points  on  the  Smolenski 
model. 

IV.  PHENOMENOLOGICAL  ANALYSIS 

Under  conditions  of  constant  and  zero  stress,  the  spontaneous  strain  measurements 
described  above  allow  evaluation  of  the  spontaneous  polarization  and  single-domain,  single¬ 
crystal  elastic  Gibbs  free-energy  as  a  function  of  composition  and  temperature  up  to  Tsums- 


It  has  recently  been  recognized^^  that  Curie-Weiss  behavior  is  obeyed  for  relaxor 
ferroelectrics  above  Teums*  and  this  is  an  inherent  assumption  of  the  LCD  formalism  when 
Tc  s  TBums-  Calculations  made  using  Eq.  (2)  therefore  reflect  the  free-energy  density  that  a 
hypothetical  crystal  of  average  composition  (x)  would  have  if  it  underwent  a  second-order 
transition  to  a  Devonshire  ferroelectric  at  Teums-  Recognizing  that  this  does  not  in  actuality 
occur,  the  deviation  from  Devonshire  behavior  is  interpreted  on  the  basis  of  an  idealized 
superparaelectric  model^.  In  this  model  it  is  assumed  that  small  deviations  from  the  average 
composition  (x)  localize  the  polarization  to  regions  on  a  size  scale  where  thermal  fluctuations 
of  the  orientation  of  the  polar  vector  between  different  permissible  variants  become  possible. 
The  dependence  of  the  relative  stability  against  thermal  agitation  of  an  isolated  region  on  its 
size,  composition,  and  temperature  can  then  be  evaluated.  Clearly,  the  dielectric  response  of 
the  crystal  would  depend  in  a  complex  way  on  interactions  between  regions,  the  kinetics  of 
the  available  relaxational  processes,  as  well  as  on  any  associated  distortions  of  the  free- 
energy  surface.  These  calculations  estimate  only  how  the  volume  stabilization  energy  of  a 
postulated  microregion  with  symmetry  equivalent  polarization  orientation  states  compares 
with  the  thermal  energy.  Surface  effects,  elastic  boundary  constraints,  and  the  cell  doubling 
trnnsformation  are  neglected.  For  these  calculations  we  take  C  =  2.0  X  10^  and  Q44  = 
0.06  m^/C2,  typical  values  for  the  rhombohedral  PZT-based  perovskites^^. 

The  spontaneous  polarization  determined  from  the  X-ray  strain  measurements  and 
Eq.  (6)  is  shown  for  various  compositions  (x)  in  Figure  7.  The  upper  portion  of  the  figure 
shows  that  even  for  the  x  =  0.04  composition,  the  values  of  the  polarization  measured  from 
the  X-ray  strain  can  be  extrapolated  quite  plausibly  to  Tsurns  using  Eq.  (4).  The  lower 
portion  of  Figure  7  compares  the  spontaneous  polarization  determined  from  Eq.  (6)  for  the  x 
=  0.02  composition  with  the  remanent  polarization  determined  by  Haertling^S  from 
hysteresis  loops  measured  on  ceramic  samples.  At  low  temperatures  the  two  measurements 
are  in  good  agreement,  but  begin  to  differ  substantially  above  »  75  “C  where  the  remanent 
polarization  starts  to  collapse.  As  discussed  earlier,  the  polarization  enters  in  Eq.  (6)  as  the 


square,  and  so  the  differences  in  the  two  curves  primarily  reflect  the  difference  between  the 
reversible  macropolarization  (P)  and  local  (RMS)  polarization  (<p2>i/2).  Since  the 
spontaneous  polarization  is  the  macroscopic  order  parameter  in  Eq.  (2),  we  expect  the 
calculated  free-energy  density  to  be  correct  only  at  low  temperatures  where  thermally 
activated  processes  are  frozen  out. 

The  elastic  Gibbs  free-energy  density  versus  polarization  curves  for  various 
compositions  (x)  are  shown  at  two  temperatures  in  Figure  8,  The  energy  barriers  shown 
represent  the  energy  barrier  Ec  for  the  polarization  passing  through  the  center  of  the  energy 
surface,  i.e.  heterophase  fluctuations.  While  the  electrocrystalline  anisotropy  energy  barrier 
Eec  separating  adjacent  orientation  states  would  in  general  be  smaller,  for  an  undeformed 
energy  surface,  both  scale  with  volume  in  the  same  way.  As  a  relative  measure,  it  is 
sufficient  to  consider  Ec.  At  25  ^C,  the  height  of  the  energy  barrier  separating  equivalent 
orientation  states  is  quite  large  for  all  x,  so  that  even  at  the  smallest  sizes  amenable  to  a 
macroscopic  treatment,  the  energy  barriers  substantially  exceed  ksT.  Near  Tsums.  however, 
the  energy  barriers  become  a  factor  of  1(X)0  smaller,  and  a  sizeable  composition  dependence 
develops,  as  discussed  below. 

The  free-energy  density  curves  of  Figure  8  suggest  that  increasing  the  La  content 
eventually  leads  to  a  phase  of  cubic  symmetry.  Assuming  that  the  free-energy  densities  are 
linear  functions  of  composition,  the  La  content  required  to  induce  the  transition  was 
estimated  at  various  temperatures.  The  calculated  results  are  compared  with  the  experimental 
phase  diagram  in  Figure  9.  As  expected,  the  predicted  and  measured  values  are  in  good 
agreement  only  at  low  temperature  where,  judging  from  Figure  7,  freezing  of  the  polarization 
is  nearly  complete.  The  calculations  suggest  that  at  low  temperatures,  the  structure  becomes 
truly  cubic  at  a  La  content  near  14  mol  %.  Since  the  calculation  involved  no  adjustable 
parameters,  the  agreement  of  this  prediction  with  the  experimental  measurements ^2  suggests 
that  the  simply  formulated  LCD  formalism,  with  Tc  s  Tsums.  is  valid  for  this  system  at  low 
temperatures.  At  higher  temperatures,  where  the  remanent  polarization  collapses  and 
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thermal  fluctuations  become  much  more  important,  the  macroscopic  properties  will  no  longer 
be  described  by  Eq.  (2).  Instead,  an  idealized  superparaelectric  model  is  assumed,  and  Eq. 
(2)  is  used  to  investigate  the  effects  of  size  and  composition  on  the  stability  of  a  postulated 
single-domain  polar  microregion. 

In  Figure  10,  the  energy  barrier  height  Ec  is  plotted  as  a  function  of  temperature  and 
composition  for  two  postulated  microregion  sizes.  The  line  representing  kaT  is  shown  to 
indicate  the  minimum  conditions  for  stability  against  thermal  agitation.  At  the  larger  size  (n  = 
1000  unit  cells)  the  temperature  range  over  which  the  various  x  become  stable  with  respect  to 
kfiT  is  relatively  narrow  (  *  15  ®C)  and  close  to  TBurns-  At  the  smaller  size  (n  =  100  unit 
cells)  this  range  becomes  considerably  broader  (*  35  °C)  and  shifts  down  about  100  ®C  in 
temperature.  The  shift  of  the  curves  can  be  attributed  to  the  size  effect  alone,  while  their 
relative  separation  relates  to  the  way  the  free-energy  densities  for  the  different  x  depend  on 
temperature. 

The  separation  AT  of  the  energy  barrier  curves  along  the  line  kfiT  is  plotted  against 
the  log  of  the  postulated  microregion  size  in  Figure  11.  The  difference  AT  is  taken  as  a 
relative  (minimum)  measure  of  the  stabilty  against  thermal  agitation  of  regions  with  different 
X.  At  macroscopic  sizes,  AT  — » 0,  so  that  a  stable  ferroelectric  polarization  is  expected  for  all 
X  very  near  Tbuhis-  Consistent  with  the  original  observation  of  Burns  and  Dacol^^,  regions 
deficient  in  La  are  predicted  to  be  first  to  develop  a  detectable  polarization.  As  the 
microregion  size  is  decreased,  AT  increases,  eventually  increasing  exponentially  as  the  size  is 
reduced  below  1000  unit  cells.  Since  the  lattice  constant  a  »  0.4  nm,  this  result  implies  that 
in  the  lower  limit,  composition  effects  become  important  for  microregions  with  equivalent 
spherical  diameters  ^  5nm. 

To  obtain  a  reasonable  estimate  of  the  size  scale  on  which  composition  effects  may 
become  important  on  a  simple  supeiparaelectric  model  (i.e.  noninteracting  microregions),  it 
is  necessary  to  recall  that  the  polarization  flipping  frequency  is  given  by 
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V  =  VqC  *  H/IcbT  (9) 

where  Vq  is  characteristic  of  a  softened  lattice  mode  (=  10^2  Hz)  and  H  is  the  energy  barrier 
separating  equivalent  polarization  orientation  states.  If,  instead  of  taking  the  minimum  value 
of  H  =  kfiT  as  above,  we  now  take  a  more  realistic  value  of  H  »  18  keT,  the  depolarization 
frequency  v  becomes  15  kHz,  which  is  sufficient  to  influence  the  dielectric  properties  for 
measuring  fields  at  10  kHz.  Repeating  the  calculations  of  Figure  11  using  18  keT  as  the 
stability  criterion,  the  microregion  size  at  which  composition  effects  become  important  is  then 
predicted  to  be  »  15  nm.  This  prediction  is  quite  plausible  in  light  of  direct  TEM 
observations^®  that  place  the  size  of  the  polar  microregions  in  PLZT  9/65/35  near  10  nm 
below  0°C.  Furthermore,  heterogeneities  on  this  scale  are  not  unreasonable  given  that  the 
effective  crystallite  size  was  estimated  to  be  substantially  larger  (50  -  60  nm).  The  scale  on 
which  composition  effects  become  important  relative  to  size  effects  alone  may  be  an 
important  factor  distinguishing  solid  solutions  with  diffuse  transitions  (broad  but  not 
frequency  dispersive)  from  those  with  relaxor  (broad  and  frequency  dispersive)  phase 
transition  behavior. 

V.  CONCLUSIONS 

X-ray  diffraction  analyses  of  chemically  derived  Pbi.xLax(Zro.65Tio.35)i-x/403 
(PLZT)  powders  were  combined  with  a  phenomenological  theory  to  investigate  the 
corresponding  single-crystal  ferroelectric  properties  of  compositions  incipient  to  the  relaxor 
phase  transition  region  (x  =  0  -  0.04).  The  results  were  consistent  with  the  existence  of  a 
local  (RMS)  polarization  up  to  »  360  °C  independent  of  composition  (x).  The  predictions  of 
the  phenomenological  theory  regarding  the  polarization  and  relative  phase  stabilities  were  in 
good  agreement  with  experimental  measurements  at  low  temperatures.  At  higher 
temperatures,  where  thermal  fluctuations  of  the  polar  vector  among  the  symmetry  permitted 
variants  may  become  important,  the  calculations  suggested  that  the  stability  of  an  isolated 


polar  microregion  against  thermal  agitation  becomes  strongly  composition  dependent  when 
reduced  in  size  below  the  range  of  5  - 15  nm. 
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TABLE  I.  Rhombohedral  angle  (a),  spontaneous  strain  (X4),  effective  crystallite  size 
(Dejgr),  and  RMS  lattice  strain  (<e2>l/2)  for  Pbi.xLax(Zro.65Tio.35)i.x/403  at 
27  ®C 


X 

a 

(degrees) 

X4 

(nm) 

<e2>i/2 

<£2>1/2 

Error  Range 

0.00 

89.684 

0.00351 

52.6  ±  1.7 

0.00129 

0.00123  -  0.00135 

0.01 

89.695 

0.00339 

53.6  ±  1.7 

0.00118 

0.00112  -  0.00125 

0.02 

89.708 

0.00324 

54.1  ±2.5 

0.00120 

0.00111  -0.00131 

0.04 

89.764 

0.00262 

52.0  ±  1.5 

C.00148 

0.00142  -  0.00155 

TABLE  II. 


Constants  used  to  evaluate  Equation  (2). 


X 


A'(X  10-4) 


B(X  10-3) 


CC(X  1014) 

(Jm5®aC4) 


^C(X  1015) 
(Jm9®C/C6) 
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Figure  1. 
Figure  2. 
Figure  3. 

Figure  4. 


Figure  5. 

Figure  6, 

Figure  7. 


Figure  8. 
Figure  9. 


Phase  diagram  for  PLZT  X/65/35  (after  reference  12), 

Powder  X-ray  diffraction  patterns  forPbi.xLax(Zro.65Tio.35)i.x/403. 
Spontaneous  elastic  strain  data  for  Pbi.xLax(Zro.65Tio.35)l-x/403  (R3m 
phase).  The  solid  lines  were  calculated  using  Equation  (7)  of  the  text  and  the 
constants  of  Table  II, 

Low  temperature  spontaneous  strain  data  for  Pbi.xLax(2liio.65Tio.35)i.x/403. 
The  solid  lines  are  an  extrapolation  of  the  electtostrictive  sduin  for  the  R3m 
phase  using  Equation  (7)  of  the  text  The  dashed  lines  are  smoothed  fits  to  the 
experimental  data  points  over  the  complete  measurement  range.  The  arrows 
indicate  the  R3m  -  R3c  phase  transition  temperatures  taken  from  Figure  1, 
Scanning  electron  micrographs  of  Pbi.xLax(Zro.65Tio.35)l-x/403 
(X  =  0.00). 

RMS  lattice  strain  against  temperature  for  Pbi.xLax(Zro.65Tio.35)i-x/403 
(x  =  0.04). 

Polarization  against  temperature  for  Pbi.xLax(Zro.65Tio.35)i-x/403.  The  data 
points  were  determined  from  spontaneous  strain  measurements.  The  solid 
lines  were  exu’apolated  to  Teums  using  Equation  (4)  of  the  text.  The  curve 
labelled  Pr  is  taken  from  the  remanent  polarization  data  of  reference  25. 
Free-energy  density  against  polarization  for  Pbi.xLax(Zro.65Tio.35)l-x/403. 
Comparison  of  calculated  and  experimental  phase  diagrams.  The  experimental 
data  are  taken  from  Figure  1.  The  predicted  and  measured  values  are  in  good 
agreement  only  at  low  temperatures  where  thermally  activated  processes  are 
expected  to  freeze  out. 


Figure  10.  Energy  barrier  height  against  temperature  for  Pbi.xLax(Zro.65’no,35)l-x/403.  n 
is  the  number  of  unit  cells  in  a  postulated  microiegion. 

Figure  11.  AT  against  the  log  of  the  postulated  microiegion  size  n.  AT  is  the  separation 
of  the  energy  barrier  curves  of  Figure  10  along  the  line  keT.  The  designations 
2-0  and  4-0  refer  to  the  AT  of  the  energy  barrier  height  curves  for  x  =  0.02 
and  0.04  relative  to  that  for  x  *  0.00. 


►- 

H 

J 

H 

O 


> 

H 

U 

a 

si 

> 


Q. _ 

Ul  <3 
U  W  S  O 
10  M  C9  M 

30  < 

3  M  3 
Q  < 
U  U  Z 
M  M  Ul  M 

c  s  (0  a 

H  H  <  3 
U  U  Z  H 
Ul  tti  CL  M 
3  J  CD 
tUttI  H  Z 
M  IH  N  O 
Q  Q  0.  J 


•  O 


Oo )  BunivuadHBi 


X 


IN  X/65/3S 


(SiiNn  Aybaiiaay)  aiismbini 


SPONTANEOUS  STRAIN 


0.004 


0.003 


0.002 


0.001 


0.0040-r  t  0.0038-f - - - - - - - - - - - - - \  0.0032 


RHS  LATTICE  STRAIN 


TEMPERATURE  (®C) 


POLARIZATION  (C/m^)  SPONTANEOUS  POLARIZATION  (C/« 


100  200  300 

TEMPERATURE  (*C) 


400 


AD-A236  219 PIEZOELECTRIC  AND  ELECTROSTRICTIUH  J1ATERI Ajfe  FOR 

TRANSDUCER  APPLICATIONS.  <U>  PENNSYLMANIA  StATE  UNlU 
UNIUERSITY  PARK  MATERIALS  RESEARCH  LA. . 

UNCLASSIFIED  L  E  CROSS  ET  AL.  31  JAN  91  XN-ONR 


MICROCOPY  RESOLUTION  TEST  CHART 

NATIONAL  BURFAU  OF  $TANOARDS-1963-A 


Energy 


330 


■’’EMPeRATURE  (®c) 


100 


1000 


10000 


100000 


NUMBER  OF  UNIT  CELLS  (n) 


ELECTROSTRICTION/ 
RELAXOR  FERROELECTRICS 


APPENDIX  18 


RELAXOR  FERROELECTRIC  MATERIALS 
Thomas  R.  Shroitt  and  Josq)h  Fielding,  Jr. 


Pennaylvania  State  University 
Materials  Reaeaicfa  Laboratoiy 
University  Park.  PA  16802 


ABSTRACT 

4 

Obmplex  leatHtesedperovsIdtes  having 
he  general  formula  Pb(B3')03  exhibiting 
broad  and  frequency  dispersive  phase 
ranshions  are  known  as  relaxor  fenoelectiics. 
lieir  anomalously  large  dielectric  constants 
(K)  make  them  ideal  for  MLCs,  electrostrictive 
‘\ctuators.  and  recently  E-field  induced 
*iezoelecttics  for  low  frecpency  sonar  and  high 
frequency  bio-medical  transducers.  The 
nresence  of  motphotropic  phase  boundaries 
MPB)  in  various  solid  solutions  gives  rise  to  a 
new  family  of  high  K  piezoelectrics. 
Microsttucturally,  relaxors  offer  less  grain  size 
lependei^  than  normal  PCTs  allowing  fitwr 
.c^e  devices.  Commonalities  in  dielectric  and 
related  behavior  of  relaxors  suggests  an  inter- 
elationship  of  the  underlying  intrinsic 
^ihenomena  of  these  so-called  luuioconqiosites. 


compounds  with  PbTi03  (FT)  similar  to  that  in 
the  well  known  Pb(Zri.]iTix)03  (PZT)  system, 
also  makes  these  materials  exc^em  candidates 
for  piezoelectric  transducers.(‘^)  It  will  be 
discussed  in  this  paper,  that  relaxor 
fenodectrics  offer  addidoittl  device  potentiri  as 
E-field  induced  piezoelectrics  for  applications 
including  low  fiequency  sonar  and  high 

ftnqiiengv  hkvmadical  traiMritir^ 


Included  in  the  following  discussion, 
we  will  review  relaxor  ferroelectrics  and 
associated  phenomena  and  commonalities  that 
materials  in  this  large  family  share. 
Advantages  of  relaxors  in  contrast  with 
conventiwial  “normal”  type  fetioelectrics.  e.g., 
PZTs  and  BaTi03  will  be  clearly  evident.  It 
will  also  be  presented  that  microsttucturally, 
these  materials  offer  forifaer  beixrfits. 


INTRODUCTION 

The  largest  group  of  relaxor 
ferroelectrics  are  found  in  the  family  of 
ompiex  lead-based  perovskites  having  the 
^eneral  formula  Pb<B%B")03,  where  B'  is  a 
low-valence  cation,  such  as  Mg^^,  Ni+2,  Fc*^, 
''c'*‘^,  or  and  B"  is  a  high  valence 
ation,  such  as  Nb''’^,  Ta*5,  or  W+6.  First 
discovered  by  Smolenskii  et  al.,(l)  these 
"laterials  exhibit  broad  md  anomalously  large 
ielectric  maximas  which  make  them  ideal 
candidates  for  multilayer  oqMcitors  (MLCs),(2) 
electrostrictive  actuators,^^*^)  pyroelectric 
•olometer8,(^)  and  for  electro-optics.^^)  The 
.existence  of  a  morphotropic  phase  boundary 
(MPB)  in  various  solid  solutions  of  rdaxor 


The  general  charaaeristics  of  relaxor 
ferroelectrics  are  ptesetued  in  Fig.  1,  using  the 
well  known  relaxor  Pb(Mgi/3Nb^)03  (I^iN) 
as  the  example.  Differences  between  normal 
and  relaxor  ferrodectrics  are  also  reviewed  in 
TaUe  I.  As  given,  relaxors  are  distinguished 
from  “normal”  ferroelectrics,  such  as  and 
BaTi03,  by  the  presence  of  a  broad-diffiise  and 
dispersive  phase  transition  (Fig.  la).  The 
didectric  constant  (K)  peaks  at  Tm,  but  because 
of  the  dispersion  in  the  Curie  temperature  can 
only  be  defined  in  reference  to  the  frequency  at 
which  the  measurements  are  made.  The 
remanent  polarization,  Pg,  is  not  lost  at  Tm  but 
gradually  decays  to  zero  with  increasing 
temperature  above  Tm  (Fig.  lb).  It  is 
important  to  point  out  that  the  temperature  of 
de^larization  (Td)  occurs  well  below  Tm  as 
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Hgnie  1.  s)  Typical  Dideclxic  Behavior  for  a  itUxor 
ferroelecntc  (0.93PMN:0.07FD  at  1  kHz.  10  kHz,  and 
100  kHz  and  a  Domial  fenoelecttic  (BaTiOs)  at 
1  kHz.^^^)  b)  Dielectiic  hvaieiesit  in  PMN  as  a 
fdnctioa  of  tenperataie.^’)  c)  Dielectric  and 
polarization  behavior  for  PMN  as  a  fooction  of 


TaMel.  ftepeny difleieiicea berwean lelaaor and iionnal perovakne feirueiecuica.<*> 


Property 


K-K(D 


K(T.«) 


DielecBie  behavior  ai  p 
nn«i(>Te) 


Ramanam  potarizaden.  (Px) 
ScaHarint  of  light 


Normal 


Shaip  order  onidan 


Weak  fte^oency  dtpendancr 


Follow  Cufie-Weif  law 
kioadan:  I/K«CAT-Te) 


Ssong  fcnanani  poladndon,  (Pg) 
Strong  aniiotropy  (biiahiiigam,  dn) 


DiSracdon  of  x-raya  Line  iplitdng  owmg  to  spontaneona 

defontiaaon  ftomparaeleade-vfenoelecaK  - 
phaae 

■  diflbaa  coaffieieni  describing  breadlh  of  stadsdeai  disoibiidon  of  Cune  tantpenawea 


Ralaxor 


pnwwniiuuii  pow  union  ipont 

OiriB  maxima  (TmJ 

Smmg  fni|Bancy  dapeivirnpr 
Follow  Ciiria*WciB  aquan  law 


>w  ciina*wciB  amm  i 
padoic  1/K  ■  l/Km  * 


Vaiy  wedt  aadaovopy  to  light 
(paaudo  ctibic) 

No  X'lay  line  apUtdng  giving  a 
pieudo  cubic  atreemra 


0 


shown  in  Rf .  Ic.  Relaxor  matwialw  abo  show 
no  evidence  of  opdcai  aniaoiiopy  or  x-ny  line 
splteinf  (peendoHcobk  siiuc(anl  cba 

below  tfl|. 

The  most  widely  accepted  models  fm 
the  understanding  of  relaxor  ferroelectric 
phenomena  come  from  Smolenskiil^)  and 
Cross. The  generally  accepted 
inhomogeneous  micro-iegion  model  postulated 
by  Smolenskii  et  al.,  bases  the  origin  of  the 
diffiiw  phase  transition  on  local  con^rositional 
fluctuations  associated  with  B'Site  cation 
disorder,  resulting  in  a  distribution  of  Curie 
temperatures.  Cross  further  enhanced  the 
understanding  of  relaxor  dielectric  behavior 
suggesting  ti^  localized  polar  micro-regioM 
are  analogous  to  spin  cluster  behavior  in 
superparamagnets.  Doss’s  “supeiparaelectric**  • 
concept  accounts  for  many  of  the  observed 
properties  of  relaxors  inclu^g  the  fr^ency 
dependence  of  tte  permittivity,  dielectric  aging, 
and  also  metastable  switch^g  from  micro — 
mactodomains.  Common  to  the  ibove  models, 
is  the  fact  that  the  stiucmral  origin  of  relaxor 
beh^ior  is  on  the  scale  of  ^  10  nm  well  below 
normal  microsttuctural  features  such  or  grain 
size.  Hence,  grain  size  effects  normally  seen  in 
PZTs  and  other  piezoelectrics,  due  to  domain 
wall  clamping  effects,  are  not  expected  for 
relaxor  maieiiab. 

APPUCATIONS  AND  ASSOCIATED 

PHENOMENA  OF  RELAXORS 

The  most  widely  investigated  and 
potentially  useful  family  of  relaxors  can  be 
found  in  the  PMN>PT  solid  solution  systent 
The  phase  diagram  for  PMN-PT  is  presented  in 
Fig.  2.  As  shown,  the  role  of  PbTi03  (Tc 
~  490  *C)  shifts  Tn  upwards  around  5 
*C/mole%  addition.  As  reponed  by  Choi  et 
al.,^'^)  a  MPB  boundary  separating  pseudo- 
cubic  and  tetragonal  phases  exists  at 
approximately  33%  PT.  Tne  strong  curvature 
is  unlike  that  found  for  the  MPB  in  the  PZT 
system.  Presented  in  the  Figure  3,  the  role  of 
PT  enhances  Km  while  decreasing  the 
dispersive  dielectric  response,  exhibiting 
normal  ferroelectric-like  b^vior  beyond  the 
MPB(PTi35%). 


In  terms  of  applications,  relaxor 
ferroelectrics  in  the  PMN-PT  system  can  be 
placed  into  three  groups  as  related  to  their 
polarization/polar  behavior,  as  shown  earlier 
in  Fig.  Ic.  The  regions  are:  I)  electrostrirtive. 
n)  micro-macro,  and  m)  macro-polar.  Group 
I  conq>ositions  are  those  with  Tm  near  room 
temperature  possessing  unusually  high 
dielectric  maximas  (Ks  >  20.000).  This  high 
permittivity  mitiGes  them  attractive  for 
MLX^  andelectioscrictive  strain  actuators. 


Figure  2.  The  phase  disfram  for  the  (I* 
x)Pb(Mbi/3Nb2/3)03-(x)PbTi03  solid  aoludoo  svneoi 

mowing  tibe  aMtptaooopic  phase  boundary  lepoat '  ^ 


Fiiuie3.  Dielectric  coastani  K  at  various  frequencies 
for  La-doped  (1  mole  %)  PMN:PT  (X/Y):  1)  100/0:  2) 
93/07;  3)  80/20  md  4)  63/33  for  compoaiuoaa  siniered 
SI  1200*C/2H.<“) 


The  fundamental  expressions  for  both 
piezoelectricity  and  electrostrictive  phenomena 
are  contiasted  in  Table  n.  ^  As  presented, 
electrostrictive  strain  (s)  is  proportional  to  the 
squaie^of  the  polarization  (P)  or  the  applied 
E-field.  Being  a  fnth  ranl^  tensor  quantity, 
electxostrictitm  occurs  in  all  dielectrics,  but 
large  strains  are  only  possible  in  highly 
polariznble  materials.  From  the  expression 
relating  pdaiizatkm  (Piniiioed)  with  E-field,  the 
level  of  strain  is  proportional  to  the  dielectric 
constant  squared  (s  «  K^),  hence,  the  origin  of 
thelaige  strain  in  PMN-based  relaxofs.  Figure 
4  shows  the  classic  quadratic  strain-E-&ld 
relationafay  for  PMN  also  reflecting  hysteresis 
free  behavior.  Strain  levels  >  0.1%  can  be 
obtained,  being  comparable  to  the  best 
piezoelectric  ceramics.  From  this  curve, 
electrostriction  can  be  thought  of  as  a  non¬ 
linear  E-^d  induced  piezoelectric.  As  such. 
Fig.  5  presents  the  E-field  induced  piezo 
coefficiem  (slope  of  strain-E-curve)  for  several 
PMN-PT  compositions  of  varying  Tm, 
showing  the  possibility  of  enormously  hi^ 
effective  piezo  (strain  d)  coefficients. 
Characteristic  of  relaxors,  however,  the 
induced  piezoelectric  effect  is  dependent  on 
frequency,  particulariy  as  you  approach  the 
miao-macro  region  below  Tn. 

In  contrast  to  conventional 
piezoelectrics.  Group  1  relaxora  offer  the 
following  advantages:  1)  large  strains,  2) 
^higher  force  capability  (large  Kg),  and  3) 
excellent  position  reproducibility,  i.e.,  no 
hysteresis  or  aging  nor  do  they  need  to  be 
poled.  In  addition  to  these  advantages 
electrostricton  exhibit  fast  reqjonaes  (-  1  psec) 
again  since  no  macro  domains  are  involved. 


'Note:  Force  (F)  s  Vl^Ei/dXj  ■ 
(volume)(p(darization)(urad-E-field)  ■ 
V(e  oKi|)(EiXGrad-E0 


Rgnie  4.  Field  induced  stiaim  in  tbe  piezoelectii. 
VLZT  (7/62/38)  and  b)  in  the  electrosihctive  PMN- 

b«edoaHiiGs.ri2) 


Frequency  (Hz) 


Hgure  S.  Tbe  d33  coeffiedent  at  tbe  piezoelectric 
maximum  vi.  tbe  AC  freqoeocy;  1)  0.93  PMN-0.07  PI 
(Tm-20“C);  2)  0.90  PMN-0.10  PT  (Tb,-40“C);  3)  (0.9: 
PMN-0.07  PT40.01U  (Tb,-5*Q;  4)  PMN  (!„- 


mkropositiofiers  in  opdcs  where  high  stability 
is  required.^*^)  New  applications  of  Group  I 
relaxors  include  low  frequency  sonar 
transducers  wherel^  large  E-field  induced 
strains  are  required  in  non-resonant 
structures/ 

In  addition  to  the  more  conventional 
usages  of  Group  I  electrostrictors,  (e.g.,  low 
frequency  actuators)  they  have  been  reportedly 
shown  to  have  potential  for  high  frequency 
resonant  type  devices/^^)  and  more  recently  for 
bio-medic^  transducers/^^)  As  given  in  the 
equations  in  TaUe  n,  piezoelectricity  is  induced 
by  the  application  of  an  E-field.  The  induced 
piezoelectric  phenomena  is  a  function  of 
E-field  and  frequency,  depending  on  reference 
point  of  Tm  and  level  of  induct  polarization 
(Fig.  5).  Typical  E-field  dependency  of  the 
dielectric  constant,  piezoelectric  coupling 
coefficients  kp  and  Iq  and  mechanical  Q  are 
presented  in  Fig.  6.  As  shown  and  reported  in 
Table  m,  coupling  coefficiems  comparable  to 
that  exhibited  by  PZTs  can  be  achieved. 
Mechanical  Q’s  can  go  from  hard  to  soft,  being 
very  sensitive  to  Tm  proximity,  i.e.,  above 
"hard**  and  below  ‘‘soft**  where  micro-  and 
macro-domains  are  present.  Though  induced 
kts  and  kpS  are  only  comparable  to  that  of 
PCTs,  these  materials  offer  several  distinct 
advantages: 

•  E-field  tunability 

•  On-off  device  capability 

•  Large  dMlectiic  constants  (inqiedance 

matching) 

The  ability  to  **tune”  a  transducer  offers 
the  potential  of  sensing  reflected  acoustic 
waves  of  various  times  or  depth  profiles.  As 
the  frequency  of  these  devices  increases  and 
subsc^ent  device  size  gets  smaller,  the  need 
for  higher  capacitance  becomes  parent  for 
impedance  matching  to  the  electronics. 

Group  in  relaxor  compositions  are  not 
unlike  that  of  conventional  PCTs.  As  a  note, 
all  relaxor  compositions  are  piezoelectric  well 
below  Tm  (see  Fig.  lb)  pmsessing  E-fieid 
induced  maao-domains.  In  reference  to  room 
temperature,  anomalously  high  piezo  properties 
are  observed  near  the  MPB,  as  fou^  in  the 
PZT  system.  Dielectric  and  piezoelectric 


0  5  10  1  ! 


Electric  Field  (kV/cm) 


Figure  6.  Electric  Field  depeodeoce  of  dielectn 
coostaiN  K3,  piezoelectric  coupUng  coefficients  kp.  ki 
ant  medunical  Q  for  0.9  PMN-0.1  FT  at  25"C. 


Tabic  HL  Induced  Piezoelectric  Propeniea  of  PMN>PT*  Bated  Retaxor  Fenoelecirics  at  Compared  to  Conventional  ‘'Soft”  and  ''Hard” 

Piezoelectrics  PZTs(‘^>‘*>  (Room  Temperaiuie). 


Malcriai  (T^) 

<*33 

(I0*»»  C/N) 

K 

fci  (%l 

Q««cb 

Response 

Time 

Group  1 

PMN 

(■13*0 

200-300 

18,000 

•15.0001 

16 

32 

>  1000 

PMN-PT 

(30*0 

>1000-1500 

25.000 

•15.0001 

45 

48 

>50-100 

jroup  ID  PMN-FT  (MPB 

660 

>65 

70-100 

PZr-4  (330*0 

270 

1200 

-58 

51 

2  5C3 

PZT-8  (300*0 

1000 

>50 

44 

2  1000 

PZT-5  (360*0 

>400 

>2,000 

>60 

49 

75 

Prr-5H  (190*0 

>590 

>3400 

>65 

50 

65 

2  10ps 

*Noie:  Dieiecoic  and  piezoelectric  propeitiea  arc  E-field  dependent  values  at  -  10  KV/cm 


properties  of  MPB  compositions  are  reported 
in  Table  m.  As  presented,  these  materials  are 
superior  to  very  “soft”  PCTs  such  as  PZT-5. 
Group  ni  relaxor  piezoelectrics  also  offer 
certain  advantages,  panicularly  in  terms  of 
microsmictural  dependences.  In  conventional 
PZr  piezo-materials,  large  piezoelectric  eff^s 
are  not  possible  in  fine  grain  size  materials 
(typically  3-10  pm)  owing  to  gnm  boundary 
clamping  of  extrinsic  contributions  to 
polarizability  such  as  domain  wall  motion.^ 
Since  the  underlying  intrinsic  phenoinena 
associated  with  relaxor  ferroeleOTic  behavior  is 
on  the  order  of  -  10  run,  little  grain  siM 
dependency  and  thermal  degradation  (aging)  is 
observed.^")  Reponed  by  Kim  «  al.,^*)  fine 
grain  relaxors  using  La  modification  to  inhibit 
grain  growth  resulted  in  highly  dense 
piezoelectrics  with  grain  sizes  <  1  pm.  The 
significance  of  this  is  evident  as  the  “s£glfi”  of 
devices  including  MLCs,  actuators,  and  piezo 
transducers  continue  to  decrease.  The  higher 
dielectric  constants,  once  again  offer  in^roved 
impedance  matching. 


Group  n  relaxor  compositions  have  not 
been  fully  exploited  for  device  applications. 
Though  these  compositions  do  not  exhibit 
stable  macro-polar  domains  above  Td,  the 
thermal  depolarization  temperature,  the  P-T 
behavior  shown  (see  Fig.  Ic)  is  essentially  a 
low  frequency  phenomena.  As  such,  large 
E-field  induced  strains  are  possible,  but 
minimal  hysteresis  is  obtained  only  at  low 
frequencies,  typically  <  1  Hz.  Essenti^y  this 
behavior  couples  both  electrostrictive  and 
piezoelectric  phenomena,  whereby  macrt^polar 
domains  can  be  stabilized  under  an  applied  E- 
field.  In  terms  of  acmators.  Group  II  relaxors 
offer  lower  dielectric  constants  than  Group  I 
materials,  placing  less  demands  on  power 
supplies  used  to  drive  the  devices.  Also, 
depending  on  the  temperature  width,  AT  s  Tm* 
Td,  the  temperature  range  of  usage  is  broad 
in  comparison.  The  width  (micro-macro) 
region  is  the  widest  for  PMN  decreasing 
continuously  with  increasing  PbTi03,  reaching 
AT  5  0  at  the  MPB  as  shown  in  Fig.  2.  Recent 
work  by  Kim  et  al..<22)  found  that  the  micro¬ 
macro  temperature  width  (AT)  could  be 
broadened  by  compositionally  modify  mg  on 
the  A-site  of  the  perovskite  stracture  using  La 
making  this  Group  II  family  of  relaxors  more 
promising  for  tran^ucer  ^r^cations. 


COMPOSITIONAL  RELATIONSHIPS  AND 
COMMONALITIES 

In  recent  years,  substantial 
improvements  have  been  made  in  the 
processing,  fabrication,  and  understanding  of 
relaxor  ferioelectrics  and  their  underlying 
phenomena.^^*^)  Once  again,  most  of  this 
work  has  been  focused  on  the  PMN-PT 
system.  The  question  arises,  is  PMN-PT 
representative  of  other  relaxor  systems? 
Though  the  role  of  compositional  modifications 
on  relaxor  behavior  is  not  yet  clear,  work  by 
Randall  et  suggests  a  commonality 

among  all  Pb(BiB2)03  relaxors  in  that  short 
range  B-site  cation  order  must  be  present.  For 
example,  no  B-site  order  is  evident  in  notmal 
ferroelectrics  such  as  PZTs  and  fiilly  ordered 
compouds  such  as  Pb(Mg  1/2 W  1/2)63  which 
exhibit  normal  antiferroelectric  behavior.  As 
supported  by  transmission  electron  microscopy 
(T^4),  the  compositional  ordering  in  relaxors 
in  on  the  nanoscale  (~  10-100  nm).  As 
depicted  in  Figure  7.  relaxor  ferroelectrics  can 
be  thought  of  as  nanocomposites  i 
Interestingly,  the  scale  of  these  regions  appears 
to  conelate  to  the  relaxor  dielectric  behavior. 
The  larger  the  regions  the  more  diffiise  the 
transition.  This  observation  is  supported  by 
the  work  of  Hilton  et  al.^^^),  whereas  with 
increasing  PbTi03  in  the  PMN-PT  system  the 
size  of  the  ordered  regions  (Mg:Nb)  decreases, 
disappearing  at  the  MPB.  Further  support 
comes  from  non-stoichiometric  modifications 
such  as  La'*’^,  increasing  the  size  of  the  ordered 
regions  and  subsequently  broadening  the 
transition.^^^^ 

In  contrast  to  the  above  observations, 
enhanced  ordering  in  the  relaxor  compounds 
Pb(Sc  i/2Tai/2)03  (PST)<28)  and 

Pb(Ini/2Nbi/2)93<25f)(p£N)  by  thermal 
annealing,  results  in  more  nomial  ferroelectric 
and  antiferroelectric  behavior,  respectively. 
Though  all  relaxors  possess  B-site  ordering, 
Mg:Nb  otdemg  in  Pb(Mgi/3Nb2^)03  is  non- 
stoichiometric  since  the  id^  ratio  is  actually 
1:2.  Common  to  the  observed  ordering  effects 
in  PMN  and  the  relaxors  above  is  the  level  or 
degree  of  compostional  inhomogeneity.  In 
other  words,  decreasing  the  non-stoichiometric 
ordered  regions  of  Mg:Nb  and  increasing  the 
stoichiometric  regions  in  PST  and  PIN  both 


lead  to  overall  compostional  uniformity.  Once 
again,  the  key  to  relaxor  phenomena  is  the 
presence  of  distinct  or  abrupt  compostional 
regions  on  a  nanoscale.  Commonalities  in 
relaxor  dielectric  behavior  are  also  observed. 


•  xa 

0  Me 


Rgure7.  Scbematic  repiesenatioQ  of  die  mmostnictuie 
of  Pb<Mgl/3Nb2/3)03  showing  regions  with  1:1 

onlering  of  the  B-site.^ 

Along  with  PbTi03,  Voss^^O)  and 
others,^^^!  reported  that  the  Curie  temperature 
Tm  of  PMN  could  be  adjusted  both  upwards 
and  downwards  with  a  wide  range  of  B-site 
substitutions  as  shown  in  Fig.  8.  O  f 
importance  is  the  faa  that  the  value  of  Kfnn  is 
dependent  on  Tm.  More  recent  work  by  Hilton 
et  al.,  and  Paper^^’^^)  found  that  for  a  given 
relaxor  system  the  value  where  $ 

reflects  the  diffuseness  of  the  transition,  is 
nearly  constant  regardless  of  processing 
variables,  such  as  grain  size,  firing 
temperature,  etc.  The  above  commonalities  of 
relaxors  goes  beyond  the  Group  I  types,  as 
evident  by  the  observation  that  nearly  ail  MPB 
telaxor-based  compositions  exhibit  comparable 
dielectric  and  piezoelectric  properties  (see  Table 
rV).  Interestingly  these  Nff  B  relaxors  possess 


similar  Tc’s  (-  150-170‘C)  reflecting  the 
temperature  limitation  of  relaxor  (Group  m) 
piezoelectrics. 
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Figure  8.  Dielecthc  Coostaot  K  at  Tc  orTM  for 
vaiioua  compositiooaUy  modified  PMN  ceiamics  (1 
kHz  dau  for  founeeo  compoeitioiis).^^^ 
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The  consequences  of  the  above  flndings 
15  summarized  in  tte  following  statement. 

“Given  equivalent  and  adequate 
processing,  optimum  relaxor 
compositions  ore 
compositionaUy  independent 
given  the  same  Tm-” 

Hence,  selection  of  the  “ideal”  relaxor 
formula  should  be  based  on  ease  of  processing 
and  cost  of  raw  materials. 


SUMMARY 

Complex  lead'based  perovskites  with 
the  general  formula  Pb(B'B")03  encompasses 
the  largest  family  of  relaxor  ferroelectrics. 
Distinuished  from  “normal”  ferroelectrics, 
relaxors  exhibit  broad-diffuse  frequency 
dispersive  phase  transitions.  As  such,  relaxors 
can  be  classified  into  three  distinct  groups 
based  on  their  polar  behavior  and  transition 
proximity  (Tm).  They  are  as  follows:  I. 
micro-polar  (electrostrictive)  near  Tm;  H. 
micro-macro  Tm  *  Tj,  when  Td  is  the 
depolarization  temperature;  and  m.  macro- 
polar  (piezoelectric) «  Tm-  Group  m  relaxor 
piezoelectrics  are  found  to  be  optimum  at 
morphotropic  phase  boundaries,  e.g.,  0.65 
PMN-0.35  PT,  similar  to  the  well  known 
Pb(Zri.xTix)03  system.  Subsequently, 
applications  of  relaxors  can  also  be  sut^vid^ 
into  various  classes.  Applications  of  Group  I 
relaxors  take  advantage  of  their  high  Ks  and 
broad  transitions  making  them  ideal  for  MLCs 
and  electrostrictive  actuators.  The  ability  to 
induce  large  piezoelectric  effects  with  an  E-field 
offers  interesting  device  potential  for  low 
frequency  sonar  and  high  frequency  bio¬ 
medical  transducers.  In  contrast  to 
conventional  PZTs,  these  materials  offer 
minimal  hysteresis,  little  aging,  large  E-field 
induced  strains.  E-field  vari^le  properties,  on- 
off  capability  and  high  dielectric  constants  for 
improved  impedance  matching.  Group  m 
relaxors  offer  etihanced  piezoelectric  activity 
again  with  high  dielectric  constants. 

Conunonalities  in  terms  of  dielectric 
and  related  properties  of  all  relaxors  suggest  a 
strong  inter-relationship  of  the  short  range  B- 
site  ordering  found  in  these  so-called 
nanocomposites.  Hence,  given  equivalent  and 
adequate  processing,  one  relaxor  family,  such 
as  PMN-IT,  is  representative.  Given  the  same 
Tm,  the  ideal  relaxor  material  is  thus 
compositionaUy  independent. 

Further  enhancements  of  relaxor 
materials  will  come  through  continued 
understanding  of  the  intrinsic  relaxor 
phenomena.  It  is  believed  that  significant 
advancements  will  come  through  the  combined 
relaxor  phenomena  associated  witli  the  PLZT 
perovskite  family  as  evidoit  by  the  work  of  N. 


Kim  using  A-site  modifications  of  La  doped 
PMN-based  rclaxors.  It  is  believed  that 
through  future  R  &  D  efforts,  relaxor 
fetToelectrics  will  play  an  important  role  in  the 
next  generation  of  electronic  ceramics. 
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APPENDIX  19 


On  short  range  ordering  in  the  perovskite  lead 
magnesium  niobate 
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The  structural  ordering  characteristics  of  lead  magnesium  niobate  (PMN)  and  solid  solutions 
(PMN-PT)  of  PMN  with  lead  titanate  have  been  investigated  using  transmission  electron 
microscopy  (TEM).  It  is  proposed  that  short  range,  non-stoichiometric  1  :1  ordering  of  the  Mg 
and  Nb  cations  on  an  F-centred  superlattice  generates  space  charges  which  dominate  the 
kinetics  of  the  ordering  process  and  inhibit  the  development  of  long-range  order.  Furthermore, 
it  is  demonstrated  that  by  introducing  off- valent  La^'  ions  on  to  the  A-site  sublattice,  the  local 
charges  can  be  at  least  partially-compensated  and  an  increase  in  the  extent  of  structural 
ordering  is  consequently  observed. 


1.  Introduction 

Most  of  the  ferroelectric  rclaxors  which  cry$talli2C 
with  the  perovskite  structure  and  correspond  to  the 
aeneral  fonmila  ,  )0,  can  undergo  at  least 

short-range  structural  ordering  of  the  B-sitc  cations. 
In  the  H-site  ordcr-disorder-perovskites  the  degree  of 
long-range  order  can  be  varied  by  means  of  suitable 
thermal  treatments.  This  has  been  sltown  to  have 
important  consequences  since  the  dielectric  properties 
of  this  class  of  rela.xor  arc  directly  dependent  on  the 
degree  of  B-site  order  (e.g.  lead  scandium  lantalate 
(PST),  lead  scandium  niobate  (PSN),  lead  indium 
niobate  (PIN)  [1-4]).  thereby  providing  another 
variable  for  the  tailoring  of  properties.  In  most 
ferroelectric  rclaxors.  however,  the  degree  of  order  is 
not  so  readily  altered  and  often  can  only  be  brought 
about  by  modifying  the  bulk  composition  [5,  6|.  In 
some  instances,  such  as  in  lead  iron  niobate  (PFN), 
e\en  short-range  (uder  is  undetectable  by  conventional 
expermienlat  techniques  and  a  homogeneous  disorder 
IS  believed  to  exist  [7|.  Nevertheless,  in  rclaxors  which 
exhibit  some  degree  of  short-range  order,  it  is  reason¬ 
able  to  suppose  that  even  subtle  changes  in  the  state  of 
structural  order  may  also  alTect  dielectric  response  (in 
addition  to  any  ciTcct  resulting  from  necessary  com¬ 
positional  modification)  particularly  if  the  two  species 
of  B-site  cations  arc  very  dilferent  in  electronic  character. 

The  ideal  perovskite  structure  can  be  considered  as 
BO,,  octaheilra  centred  on  the  corners  of  a  simple 
cubic  lattice  and  linked  by  the  sharing  of  oxygen 
ions.  The  A-site  cations  are  located  in  the  interstitial 
positions  between  these  octaheilra.  Ordering  takes 
place  in  some  of  the  .v  =  1/2  perovskites  by  the 
dillusion  of  B'  and  B"  cations  to  nearest  neighbour 
positions  on  the  B-site  sublattice.  This  results  in  the 
formation  of  an  F-eentrcd  2u„  x  2u„  x-  2u„  super¬ 
lattice  (where  «„  is  the  lattice  parameter).  This  super¬ 
structure  can  easily  be  identified  by  the  presence  of 


superstructure  reflections  in  X-ray  and  electron 
diifraction  patterns. 

The  ordering  characteristics  of  most  complex 
AfB'Bj’  ,)0,  perovskites  can  largely  be  understood 
by  considering  the  electrostatic  and  mechanical  forces 
generated,  respectively,  by  differences  in  electronic 
charge  and  in  ionic  radii  of  the  B'  and  B"  ions.  Broadly 
speaking,  materials  possessing  large  difTcrcnccs  in 
both  valence  and  ionic  size  between  the  B'  and  B' 
cations  show  a  strong  tendency  for  order  [Rj.  These 
empirical  guidelines  can  be  used  successfully  to  predict 
the  degree  of  order  that  is  actually  observed  in  a  large 
number  of  relaxors  that  have  the  perovskite  struc¬ 
ture.  Some  perovskite  materials,  however,  do  not 
exhibit  the  long-range  order  that  is  to  be  expected 
from  the  above  considerations  of  electrostatic  and 
mechanical  forces.  Most  materials  falling  into  this 
category  correspond  to  .v  ^  1/2  in  the  general  perov- 
skitc  formula  A(B'  B7  ,)0,  and  PMN,  where  .v  =  l/.t, 
is  exemplary. 

By  means  of  TEM  dark  field  and  electron  dif¬ 
fraction  techniques,  the  behaviour  of  PMN-PT 
[Pb(Mg„,Nb-,,)0,-PbTiO,]  solid  solutions  and  the 
elfect  of  La  substitutions  in  the  PMN  [Pb(Mg,„Nb,;,)0,] 
structure  have  been  studied  in  order  to  elucidate 
the  special  ordering  characteristics  of  this  cla.ss  of 
perovskite  rela.xor. 

2.  Experimental  procedure 

.Samples  examined  in  this  study  included  PMN. 
PMN  -H  2wt%  La,0,  and  solid  si'lutions  corre¬ 
sponding  to  (I  —  r)I’MN-i'  PT  with  y  ranging  from 
0.07  to  0.4. 

Ceramic  samples  w'cre  piepareil  via  the  cniumbite 
route  [9|  in  order  to  avoid  formation  of  parasitic 
pyrochlore  phases.  Both  conventionally  sintered 
(prepared  by  T.  R.  Shrout,  Pennsylvania  State  Uni¬ 
versity.  USA)  and  hot  pressed  (prepared  by  P.  Osbond. 


Norihunu,  UK.)  ccrumic  matcriuls  were  examined. 
The  hot  pressed  ceramic  was  prepared  wiih  a  small 
excess  of  PbO. 

Samples  for  TEM  observation  were  mechanically 
polished  to  a  thickness  of  ~  30ftm  prior  to  ion  beam 
thinning.  Examination  of  the  samples  was  carried  out 
using  a  Jeol-200CX  transmission  electron  microscope 
which  was  operated  at  an  accelerating  voltage  of 
2(10  k  V.  The  use  of  200  keV  electrons  enhances  sample 
penetration,  thus  enabling  thicker  regions,  more 
representative  of  the  bulk,  to  be  examined.  A  Hcxland 
low  temperature  goniometer  stage  was  used  to  vary 
the  sample  temperature  within  the  range  —  < 

T*  <  I50°C  where  T*  reprc.sents  the  temperature 
indicated  by  the  thermocouple.  Slight  dilTerenccs 
between  the  sample  temperature  and  the  temperature 
indicated  are  expected  because  of  local  heating  cflects 
from  the  clcctr  -n  beam. 

3.  Results 

With  the  c.xception  of  the  0.6PMN-0.4PT  samples. 
\li  +  1/2.  A  4-  1/2.  /  +  1/2J  superstructure  reflections 
(F-spots)  were  observed  in  all  samples  for  both  <1  I  0) 
and  <2  I  I>  /one  axis  diflVaction  patterns.  The  inten¬ 
sities  of  the  F-spots  were  assessed  by  comparison 
with  the  intensities  of  the  matrix  reflections.  Dark  field 
(DF)  imaging  using  one  of  the  F-type  reflections  gives 
regions  of  light  contrast  associated  with  domains  of 
B-site  structural  order.  Figs  la  and  b  show  respectively 
a  DF  image  formed  with  the  {3/2.  3/2,  3/2’,  reflection 
and  the  corresponding  <1  I0>  zone  axis  diffraction 
pattern,  obtained  from  undoped  PMN.  In  Fig.  la  the 
ordered  domains  have  an  average  size  of  ~6nm  and 
only  small  deviations  in  this  si/e  arc  present  across  the 
whole  grain.  The  F-spols  associated  with  these  domains 
arc  indicated  in  Fig.  lb.  As  the  concentration  of 
PbTiO,  is  increased  within  the  PMN-PT  solid  sol¬ 
ution  both  the  intensities  of  the  F-spots  and  the  sizes 
of  associated  domains  diminish.  Fig.  2a  shows 
domains  of  about  3  nm  in  dimension  within  the 
0.93  PMN-0.07  PT  solid  solution.  Fig.  2b  is  the 
<11 0>  electron  dilTraction  pattern  from  the 


superstructure  reflections  than  those  observed  in 
undoped  PMN.  The  reduction  in  the  intensities  of 
superstructure  reflections  is  associated  with  the  reduc¬ 
tion  in  domain  size.  No  significant  spread  of  domain 
sizes  is  observed.  Fig.  3  shows  the  <1  I  0>  diffraction, 
pattern  of  0.8  PMN-0.2  PT.  The  F-spots  arc  significantly 
weaker  than  that  in  undoped  PMN  and  it  proved 
impossible  to  obtain  DF  images  with  them.  In  the 
0.(>PMN-0.4PT  sample  (Fig.  4)  the  F-spots  arc 
completely  absent.  However,  when  only  2wt'!o  of 
lanthanum  is  substituted  for  lead  an  increase  in  both 
the  intensity  of  the  F-rcflcctions  and  the  domain  size 
is  observed  (Figs  5a  and  b).  In  most  grains  a  range  of 
domain  sizes  from  5  to  35  nm  is  present.  However, 
certain  grains  (as  in  Fig.  5a)  were  observed  to  exhibit 
domains  up  to  I50nm  in  size.  The  larger  ordered 
domains  frequently  exist  near  the  grain  boundaries 
but  clusters  of  large  domains  arc  occasionally  found  in 
the  grain  interior. 

The  F-spots  become  slightly  more  diffuse  on  heating 
the  specimens  from  —  I76®C  through  to  I50®C.  but 
no  abrupt  change  in  intensity  is  observed.  Undoped. 
hot  pressed  PMN  samples,  annealed  for  7  days  at 
970“  C  in  a  lead-oxide-rich  atmosphere  do  not  differ 
markedly  in  microstructurc  from  PMN  samples  which 
have  not  been  annealed. 

Zone  axis  diffraction  patterns  exposed  for  long 
periods  of  time  reveal  the  presence  of  very  weak 
[li  -I-  1/2,  A  -I-  1/2,  0}  reflections  (referred  to  as 
a'-spols).  These  reflections  arc  strongest  in  the 
<1  00>  zone  but  proved  to  be  too  weak  to  produce 
DF  images.  The  {//  +  1/2,  A  -I-  1/2.  0)  reflections 
in  the  <I00>  zone  for  undoped  PMN  are  indi¬ 
cated  in  Fig.  6.  This  figure  also  shows  the  presence  of 
weak  dilfusc  scattering  parallel  to  the  <II0> 
direction. 

The  relative  intensity  variation  of  the  x'-spots  with 
respect  to  composition  and  temperature  is  similar  to 
the  intensity  variation  observed  for  the  F-spots.  Addi¬ 
tions  of  PbTiO,  to  the  PMN-PT  solid  solution 
produces  weaker  a '-reflections  but  small  La  substi¬ 
tutions  increase  their  intensity.  No  abrupt  change  in 


intensity  of  the  a'-rcflcctioiis  is  observed  in  the  tem¬ 
perature  range  -I76®C  <  T  <  I50®C. 

4.  Discussion 
4.1 .  Ordering 

The  presence  of  F-spots  indicates  that  an  F-centred 
2a„  X  2</|,  X  2(i„  superlattice  exists  in  all  samples  with 
the  exception  of  the  0.6PMN-0.4PT  sample.  Since 
the  intensities  of  the  F-spots  do  not  change  signifi¬ 
cantly  with  temperature  it  can  be  concluded  that  they 
are  not  associated  specilically  with  either  the  ferro¬ 
electric  phase  or  with  lilting  of  the  oxygen  ociahcdra 
[10]  but  are  chemical  in  origin. 

The  F-centred  supei  structure  in  PMN  has  pre¬ 
viously  been  ideniilicd  using  high  resolution  [11]  and 
dark  field  [12]  imaging  techniques.  On  the  basis  of 
X-ray  data  it  has  also  been  pointed  out  that  a  number 
of  .Y  =  1/3  and  other  y  =  1/2  pcrovskilcs  can  order 
stoichiometrically  provided  the  appropriate  super- 
lattice  can  develop  [13,  14],  However,  the  ordering 
schemes  proposed  for  such  systems  necessarily 
generate  particular  superlattice  reflections.  These 


superlattice  reflections  were  not  present  within  elec¬ 
tron  dilTraction  patterns  observed  in  the  current  study. 

We  believe  that  our  results  demonstrate  that  non- 
stoichiometric  I :  I  ordering  of  Mg  and  Nb  cations 
takes  place  on  an  F-centred  2ag  x  2a„  x  2ao  super¬ 
lattice  in  the  PMN  system.  For  the  x  =  1/2  materials 
such  as  PST,  it  is  interesting  to  note  that  a  charge 
imbalance  which  would  accompany  a  non-stoic¬ 
hiometry  between  B-site  cations  would  be  reduced  by 
the  diffusion  of  these  cations  to  alternate  B-sites.  In 
the  case  of  a  perovskitc  where  x  ^  1/2,  as  in  PMN 
(where  .x  =  1/3  in  the  ideal  compound),  the  impli¬ 
cations  of  I :  I  order  are  less  straightforward.  In  this 
case,  the  nucication  and  growth  of  ordered  domains 
implies  the  outward  dilfusion  of  D'  (excess)  ion  species 
into  the  circumferential  zones  which  become  enriched 
in  element  B'  (Nb  in  PMN).  Thus  in  the  absence  of 
compensating  charge  effects,  large  electric  fields 
would  be  generated  in  the  lattice  between  ordered  and 
disordered  regions  (with  effective  positive  and  nega¬ 
tive  charge  respectively).  These  charge  effects  would 
become  more  severe  as  the  ordered  regions  increase  in 


Fi\:nrc  J  <  M  0>  fleeted  area  difTraciion  paliern  from  hot  pressed  Fifture  4  <  I  I  0>  selected  area  difTraction  pattern  from  conventionally 
0  S  PMN-0  2  PT  sintered  0.6  PMN-0.4  PT.  The  F-spois  arc  absent. 
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si/c.  In  this  case  one  may  anticipate  that  an  equi¬ 
librium  domain  size  will  be  reached  when  the  driving 
forces  for  B  cation  (mlering  (electrostatic  and  mech¬ 
anical)  are  balanced  by  forces  lending  lo  disorder  B- 
siie  cations  (from  the  interactions  between  local 
space  charges  generated  by  the  expansion  of  non- 
stoichiomeirically  ordered  regions).  In  the  case  where 
sptice  charges  can  be  compensated  by  lattice  defects, 
an  equilibrium  size  of  ordered  domains  is  also  anti- 
ciptited  w  hen  the  space  charges  become  too  large  lo  be 
compensated  by  existing  defects.  These  views  are 
supported  by  the  observation  that  an  equilibrium 
size  for  ordered  domains  of  6nm  is  found  in  undoped 
PMN  even  ttfler  prolonged  annealing.  Exaggerated 
growth  of  ordered  domains  at  grain  boundaries  has 
been  reported  in  PST  (15)  and  PSN  (16)  annealed 
ceramics.  The  existence  of  enhanced  vacancy  con¬ 
centrations  (17)  which  facilitate  cation  dilfusion  near 
grain  boundaries  was  invoked  to  explain  this 
phenomenon.  No  such  effect  has  been  found  in  PMN 
or  0.93  PMN-0.07  PT  samples. 

From  considerations  of  ionic  radii  it  is  generally 
accepted  that  Ti  ions  occupy  B-sites  in  PM N-PT .solid 


Figure  6  <100)  telccled  area  difTraclion  puUern  of  undoped  hoi 
prewd  PMN,  Weak  I'-.spoH  arc  indicated. 


solutions.  It  is  not  believed,  however,  that  Ti  ions  are 
directly  involved  with  the  ordering  process.  Consider¬ 
ation  of  the  possible  I  :  I  ordering  of  Mg  and  Ti  ions 
yields  an  average  B-siie  valency  of  +  3  and  is  therefore 
electrostatically  less  favourable  than  Mg:Nb  order, 
Nb;Ti  ion  order  is  unlikelv  since  the  degree  of  order 
would  be  expected  to  increase  witifincrcasing  PbTiOi 
content.  Since  a  progressive  decrease  in  B-site  order  is 
observed  with  increasing  PbTiOi  content  it  is  possible 
that  Ti  ions  ■dilute'  the  electrostatic  and  mechanical 
interactions  which  exist  between  Mg  and  Nb  cations 
thus  reducing  their  tendency  to  order. 

It  is  interesting  to  note  that  small  substitutions  of 
lanthanum  oxide  to  PMN  promote  the  formation  of 
larger  ordered  domains  and  a  non-uniformity  of 
domain  size.  We  believe  that  La'*  ions,  which  probably 
occupy  Pb''//\-sitcs.  aid  in  reducing  the  charge 
inbalancc  generated  by  non-stoichiomelric  ordering 
although  the  exact  mechanism  for  this  process  is 
presently  unclear.  The  associated  lead  vacancies  may 
also  relax  bonding  constraints  thereby  enhancing  dif¬ 
fusion  and  facilitating  ordering.  The  anomalously 
large  ordered  domains  frequently  observed  near  grain 
boundaries  in  La-doped  PMN  suggests  that  charge 
lictcrogcnciiv  is  no  longer  the  limiting  factor  on 
domain  size,  as  in  PMN  and  PM  N-PT  systems,  but 
that  the  kinetics  of  ordering  is  then  governed  by  the 
usual  factors  constraining  dilfusion.  Alternatively,  the 
non-uniformity  of  domain  sizes  observed  could  be 
attributed  to  the  segregation  of  La  ions  to  the  grain 
boundaries  or  to  improper  mixing  during  processing. 
Clusters  of  large  ordered  domains  sometimes  found  in 
grain  interiors  also  imply  that  a  non-unifonii  distri¬ 
bution  of  La  ions  exists  within  these  regions. 

The  origin  of  a'-spots  observed  in  the  current 
study  is  presently  uncertain,  a'-spols  have  previouslv 
been  reported  to  be  prc.sent  within  electron  diffraction 
patterns  of  PST  (15).  Since  the  intensities  of  z'-spols 
in  PMN  do  not  change  significantly  with  temperature 
it  is  likely  that  they  are  chemical  in  origin.  Further¬ 
more.  since  the  intensities  of  the  a '-spots  reduce  with 
PbTiOi  additions  and  increase  with  La  substitutions. 
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;>ii  ucuiral  ui'dcr.  i  iowcvcr.  wc  i\utc  tluil  ihc  iiiicn;>ii> 
dependence  of  the  ot'-spots  with  temperature  is  dill'cr- 
ent  for  PMN  and  PST  systems.  It  is  therefore  possible 
tliat  'he  oriuin  of  the  a'-spots  in  these  two  systems  is 
dilVerenl. 

4.2.  Electrical  properties 

Ordering  may  be  anlicipaled  to  change  either  or  both 
the  amplitudes  of  compositional  lUictualions  and  the 
sizes  of  the  chemically  distinct  regiotis  with  which  the 
broad  phase  transitions  of  relaxors  have  been  associ¬ 
ated  (IS.  19].  However.  TEM  studies  have  so  far  failed 
to  reveal  the  mechanism  by  which  the  degree  of  order 
modifies  the  dielectric  characteristics.  No  strong  inter¬ 
actions  arc  observed  between  macro-ferroelectric 
domains  and  the  antiphase  boundaries  which  define 
the  ordered  domains  [15.  20).  This  supports  the  view 
that  the  process  of  structural  ordering  intluenccs  the 
dilfusc  nature  of  rcla.xor  paraciectric-fcrroclcctric 
(PE-FE)  phase  transitions  only  indirectly.  However, 
the  relationship  between  ordered  domains  and  the 
micro-polar  domains,  which  can  be  observed  in 
unpoled  relaxors  [2 1 . 22).  is  still  ambiguous.  Studies  of 
the  order-disorder  relaxors.  for  which  x  =  1/2,  has 
shown  that  an  increase  in  the  degree  of  structural 
order  is  associated  with  a  less  diffuse  PE-FE  phase 
transition  and  a  reduction  in  frequency  dispersion. 
Such  observations  therefore  fit  into  the  existing 
framework  for  rclaxor  behaviour.  However,  it  has 
been  shown  that  phase  transitions  exhibited  by 
PMN  become  less  diffuse  and  less  frequency  depen¬ 
dent  (i.c.  the  relaxor  tends  to  "nornvar’  ferroelectric 
behaviour)  with  increasing  PbTiO)  content  (23).  The 
present  study  illustrates  that  the  size  of  ordered 
domains  is  reduced  with  increasing  PbTiO,  additions. 
There  docs  ihcrcfore  seem  to  be  a  basic  antagonism 
in  the  relationship  between  stoichiometric  order  in 
v  ■=  1/2  materials,  non-stoichiometric  I  :  I  order 
in  V  =  1/3  materials  and  the  corresponding  trends  in 
dielectric  properties.  In  brief,  an  increase  in  order  in 
the.v  =  1/2  relaxors  reduces  chemical  inhomogeneity 
and  therefore  favours  more  “normal"  dielectric 
behaviour.  An  increase  in  non-stoichiometric  order  in 

V  =  l/.»  relaxors  promotes  space  charge  lUicluations 
and  the  corresponding  dielectric  data  shows  an  en¬ 
hancement  of  the  relaxor  characteristics.  In  the  latter 
ease  it  is  possible  that  some  interaction  may  exist 
between  the  dipoles  formed  in  the  FE  state  and  any 
uncompensated  fluctuations  in  charge.  Alternatively, 
it  is  apparent  that  the  complete  or  partial  compen¬ 
sation  of  charge  lluetiiations  would  involve  significant 
alteration  of  the  local  defect  chemistry.  This  suggests 
that  although  only  small  ordered  domains  may  be  able 
to  forin  in  relaxors  like  PMN.  they  may  have  a  more 
signilicaiii  elVect  on  the  dielectric  |x:rmittivity  as  com- 
paieil  to  the  clleet  of  a  similar  degree  of  order  in  a 

V  =  1/2  relaxor.  It  is  interesting  to  note  however,  that 
both  systems  appear  to  follow  a  common  trend  in  that 
more  ‘  normal"  ferroelectric  behaviour  is  favoured  as 
charge  lluctuations  are  reduced.  This  is  necessarily  the 
result  of  a  reduction  in  the  variation  between  local 
D-silc  chemistry  and  bulk  stoichiometry.  We  therefore 


should  be  further  investigated  in  relation  to  the  influ¬ 
ence  of  order  on  '.he  dielectric  behaviour  of  relaxors. 

3  Coticliisions 

Usiiig  TEM  techniques  the  ordering  characteristics  of 
PMN  and  PMN-PT  solid  solutions  have  been  investi¬ 
gated.  The  restricted  dimensions  of  the  ordered 
domains  which  are  observed  in  these  systems  are 
believed  to  be  the  result  of  charge  fluctuations  which 
develop  as  Mg  and  Nb  ions  order  on  alternate  B- 
lattice  sites.  The  ordering  piocess  is  arrested  when  the 
space  charges  become  too  large  to  be  accommodated 
by  the  structure  or  when  the  lattice  is  no  longer  able 
to  compensate  for  such  charges  with  existing  lattice 
defects.  A  reduction  in  the  ability  to  order  is  observed 
on  adding  PbTiOj  to  the  PMN-PT  solid  solution.  Ti 
ions  are  believed  to  'dilute'  the  forces  responsible  for 
the  ordering  process.  Substitution  of  off-valcncc  La’* 
ions  on  the  Pb'  *  sublattice  enhance  order  by  aiding 
in  the  charge  compensating  mechanisms.  It  is  sug¬ 
gested  that  charge  fluctuations  which  occur  in  relaxor 
materials  alTect  both  ordering  and  dielectric  behaviour. 
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From  transmission  electron  microscopy  studies  on  several  complex  lead  perovskite  compounds  Pb(B'B')Ov  and  iheir 
solid  solutions  a  classification  can  be  obtained  based  on  B-cation  order.  This  classification  divides  the  complex  lead 
perovskites  into  three  subgroups;  random  occupation  or  disordered,  nanoscale  or  short  coherent  long-range  order  and 
long  coherent  long-range  order  of  B-site  cations.  A  correlation  between  the  nanoscale  B-$ite  order  and  relaxor  on  glassy 
ferroelectric  behavior  is  found  in  these  lead  perovskites.  An  hypothesis  is  suggested  which  relates  0-3  polar  connectivity 
to  0-3  order-disorder  connectivity.  This  hypothesis  is  discussed  with  relation  to  present  theories  |G.  A.  Smolenskii:  J. 
Phys.  Soc.  Jpn.  (1970)  Suppl.,  p.  26,  L.  E.  Cross:  Ferroelectrics  76  (1987)  241.  T.  L.  Renieke  and  K.  L.  Ngai:  Solid  State 
Commun.  18  (1973)  1343]  and  reported  experimental  results  of  the  perovskite  relaxor  ferroelectrics. 

KEYWORDS;  relaxor  materials,  dielectric  properties,  nanocomposite,  electron  microscopic  study,  model  for 
relaxor  behavior 


§1.  Introduction 

1 . 1  Ferroelectric  background 
For  the  past  thirty  years  there  has  been  much  work, 
both  pure  and  applied,  on  the  oxide  ferroelectric 
materials  and  their  properties.'*’*  One  of  the  most  com¬ 
plex  ferroelectrics  class  is  those  characterized  by  a  diffuse 
and  dispersive  phase  transition  of  the  so-called  relaxor 
ferroelectrics.^”  The  permittivity  (c')  and  land  {t” It') 
vs  temperature  show  a  diffuse  phase  transition  over  a 
so-called  Curie  range.  There  is  a  Curie  maximum  temper¬ 
ature.  which  is  frequency  dependent  over  a  wide  fre¬ 
quency  range,  and  increases  in  temperature  with  increas¬ 
ing  frequency.  Also,  the  maximum  in  the  permittivity  (c') 
does  not  correspond  with  the  maximum  in  the  dielectric 
loss  (tan  d).  Figure  1  shows  a  typical  permittivity  vs  tem¬ 
perature  for  a  relaxor  ferroelectric.  This  transition 
behavior  is  very  different  from  the  ‘normal-like’  fcrroelec- 
trics  which  usually  shows  a  sharp  1st  or  2nd  order  phase 
transition. 


Fig.  I .  A  schematic  representation  of  the  permittivity  versus  tempera¬ 
ture  relationship  for  a  complex  lead  perovskite  relaxor. 


The  most  widely  accepted  models  for  the  under¬ 
standing  of  the  relaxor  ferroelectrics  have  come  from 
Smolenskii”  and  Cross.”  The  Smolenskii  model  notes 
that  ferroelectric  relaxors  have  a  common  characteristic 
where  two  or  more  cations  occupy  equivalent 
crystallographic  sites.  It  is  the  distribution  of  these  ca¬ 
tions  which  gives  rise  to  chemical  microregions  with 
various  compositions  and  in  turn  differing  Curie  tempera¬ 
tures.  The  summed  distribution  of  these  microregions 
give  the  broad  phase  transition.  As  a  relaxor  ferroelectric 
crystal  is  cooled,  these  microregions  undergo  the  paraelec- 
tric-*  ferroelectric  phase  transition  and  local  polar 
microregions  are  created  ( -  1(X)  A). 

The  Smolenskii  model”  is  a  very  successful  model  but 
it  has  its  weaknesses: 

1)  There  is  no  discrimination  between  compounds  and 
solid-solutions  with  mixed  cation  sites  and  their  ten¬ 
dency  to  show  relaxor  or  normal  dielectric  character¬ 
istics. 

2)  With  a  Gaussian  distribution  of  chemical 
microregions  with  their  differing  Curie  temperatures 
there  must  exist  very  subtle  changes  in  chemical  com¬ 
positions  from  area  to  area  for  the  major  volume  of 
the  crystal.  This  would  not  appear  to  give  sufficient 
gradients  necessary  for  the  localization  of  polar 
microregions  or  clusters. 

Two  independent  studies  on  the  order-disorder  perov¬ 
skite,  Pb(Sci/2Tauj)03,  were  performed  by  Setter  and 
Cross*-”  and  also  Stenger  and  Burgraaf!*’  in  which  the  key 
role  of  the  cation  distribution  and  its  effect  on  the  dielec¬ 
tric  properties  was  demonstrated. 

An  understanding  of  the  relaxor  dielectric  properties 
was  enhanced  by  the  superparaelectric  theory  as  sug¬ 
gested  by  Cross.”  Basically,  the  superparaelectric  theory 
describes  the  relaxor  and  its  localized  polar  microregions 
analogous  to  the  spin  cluster  behavior  in  super- 
paramagnets.  Considering  two  polarization  states,  -FP 
and  -P,  superparaelectric  potential,  as  illustrated  in 
Fig.  2,  these  polarization  states  of  a  polar  microregion 
are  separated  by  an  activation  barrier.  The  height  of  the 
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Fig.  2.  Schemaiic  representation  of  a  superparaelectric  potential 
describing  the  polarization  states  +P  and  -P. 


barrier,  H,  is  directly  proportional  to  the  volume  of  the 
polar  microregion  itself.  This  indicates  thermal  energy, 
kaT,  and  the  frequency  of  polarization  flipping,  v,  are 
related  in  a  simple  relation: 

where, 

//  is  the  activation  height  between  —  P  and  +  P, 

A'b  is  the  Boltzmann  constant, 
r is  the  absolute  temperature, 
t  is  the  flipping  frequency  between  -  P  and  +  P, 
and  I'D  is  the  Debye  frequency  ( ~  10"-10'’  Hz). 

However,  for  low  thermal  energies  the  polarization 
will  ‘lock-in’  to  a  particular  orientation,  thus  forming  a 
polar  microdomain  or  a  polar  cluster.  This  feature 
distinguishes  the  polar  microregion  from  the  polar 
microdomain  (which  is  static  and  not  a  strong  frequency 
dependent  feature). 

The  superparaelectric  concept  accounts  for  many  of 
the  observed  properties  of  the  ferroelectric  relaxor  such 
as  the  frequency  dependence  of  the  permittivity,  the 
dielectric  aging,*"”  and  also  the  metastable  switching 
from  micro-»macrodomain."  '’'  it  also  reflects  the 
nonlinear  behavior  of  the  thermal  and  optical  properties 
as  observed  in  these  materials. 

1 .2  Cal  ion  order  background 

Within  a  given  crystal  structure  the  arrangement  of 
various  cations  and  point  defects  on  particular 
crystallographic  sites  depends  on  the  relative  magnitude 
of  the  interaction  energy  for  possible  configurations.  If 
this  interaction  is  sufficiently  low  there  are  no  detectable 
correlations  between  the  occupancy  of  nearest  neighbor 
sites.  However,  if  there  exists  a  diffuse  but  distinct 
superlattice  reflection  the  cations  have  long  range  order 
(LRO)  between  unlike  cations  on  nearest  neighbor  sites. 
Since,  in  this  study  the  scale  of  this  LRO  is  important  to 
observed  physical  properties  we  describe  a  coherence 
length  based  on  the  size  of  ordered  domains  as  imaged 
with  transmission  electron  microscopy  (TEM).  A  short 
coherence  length  of  LRO  is  associated  with  order  domain 
in  a  range  --20-8(X)  A  in  diameter,  and  long  coherence 
lengths  corresponding  to  order  domains  much  greater 
than  1000  A.  For  excellent  reviews  on  cation  order  see 
Cowley  (1976)  and  Reynaud  (1982).'’  "’ 


As  discussed  above  in  §1.1  and  1.2,  there  is  a  need  to 
better  understand  the  nanostructure  property  relation¬ 
ship  in  these  important  class  of  ferroelectric  materials.  In 
view  of  this  we  carried  out  studies  on  a  wide  selection  of 
important  and  well  characterized  complex  lead  perov- 
skites  (single  crystals  and  ceramics).  Based  on  our  TEM 
observations  a  new  insight  is  gained  in  the  understanding 
of  the  nanostructure  of  these  relaxor  materials.  In  this 
paper  we  present  an  approach  relating  B-site  cation  order 
to  the  ferroic  properties  in  complex  lead  perovskites. 
This  approach  has  been  discussed  in  light  of  present 
theories  and  satisfies  experimental  results. 

§2.  Results  and  Discussion 

The  results  discussed  here  on  the  structural  ordering 
are  made  from  TEM  analysis.  Major  advantages  of  this 
technique  include:  small  coherence  length  of  high  energy 
electrons,  the  very  strong  scattering  power  of  electrons 
with  atom  (~I0*  times  greater  than  X-rays)  and  also 
direct  imaging  of  nanostructures  with  contrast  and  high 
resolution  methods. 

Within  the  complex  perovskites  Pb(Br'Br-x)Oj  (x=  1  /2) 
family  many  of  the  compounds  have  shown  long-range 
B-site  ordering  of  the  cations,  as  documented  by 
Galasso.'**  The  ordering  of  B-site  cations  in  these  systems 
gives  rise  to  an  F-centered  2ao  x  2ao  x  2ao  superstructure, 
see  Fig.  3(a).  This  additional  symmetry  consideration 
gives  a  set  of  superlattice  lines /spots,  F-spots  in  electron 
diffraction.  However,  if  the  B-cations  are  randomly  occu¬ 
pying  the  lattice  there  is  no  superstructure  and  the  or¬ 
dinary  perovskite  cell  ao  x  ao  x  ao  describes  the  compound 
in  the  paraelectric  state,  see  Fig.  3(b). 

Examples  of  some  of  the  TEM  results  obtained  from 
complex  lead  perovskites:  Fig.  4(a)  shows  a  weak-diffuse 
but  distinct  F-spots  in  Pb(Sci/2Tai/2)Oj  (PST);  4(b) 
shows  the  corresponding  dark-field  image  revealing  the 
contrast  of  the  nanoscaled  ordered  domains;  and  4(c) 
demonstrates  long-range  order  in  normal  PST  being 
broken  by  an  antiphase  boundary.  Figure  5  shows  strong 
F-spot  in  <21 1>  zone  axis  pattern  from  Pb(Coi/2W,/2)Oj 
corresponding  to  an  ordered  grain  also  observed  are  in¬ 
commensurate  satellite  reflections.  Nanoscale  order  do¬ 
mains  in  PMN:PT  (0.9/0. 1)  and  the  corresponding 
<110>  zone  axis  pattern  with  superstructural  F-spots  is 
shown  in  Figs.  6(a)  and  6(b)  respectively. 


Fig.  3.  (a)  Ordered  B-sile  superstructure  of  Pb(B;B,'.,)Oi  (t“I/2) 
complex  perovskite;  (b)  disorder  B-site  with  primitive  perovskite  cell. 
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Table  I.  Property  differences  between  relaxor  and  normal  perovskite  ferroelectrics. 


Property 


Normal 


Relaxor 


permittivity  temperature  dependence  e—e{T) 

permittivity  temperature  and  frequency 
dependence  e  =  c(r,  m) 
remanent  polarization 
scattering  of  light 

diffraction  of  X-rays 


sharp  1st  or  2nd  order  transition  about  Curie 
temperature 

weak  frequency  dependence 

strong  remanent  polarization 
strong  anisotropy  (birefringent) 

line  splitting  owing  to  spontaneous  deforma¬ 
tion  from  paraelectric-*  ferroelectric  phase 


broad-diffuse  phase  transition  about 
Curie  maxima  {T^,) 
strong  frequency  dependence 

weak  remanent  polarization 

very  weak  anisotropy  to  light  (pseudo- 

cubic) 

no  X-ray  line  splitting  giving  a  pseudo- 
cubic  structure 


the  x=  I  /  2  ordered  perovskites  there  is  an  average  B-site 
valence  of  +4  in  the  superstructure  which  gives  rise  to 
so-called  stoichiometric  ordering. 

In  the  complex  lead-perovskites 
(x=  1  / 3)  systems  there  is  a  LRO  with  short  coherence 
length  of  a  1:1  non-stoichiometric  ordering  between  ca¬ 
tions  which  gives  an  average  valence  not  equal  to  +4. 
The  local  held  and  charge  compensation  mechanisms  as¬ 
sociated  with  non-stoichiometric  order  is  not  well 
understood  in  these  systems,  but  the  fact  remains  that  the 
nanoscale  order  domains  -100  A  do  exist  in  x=l/3 
systems,  as  observed  by  a  number  of  authors.^®'^^’ 

In  our  TEM  study  we  are  able  to  classify  a  number  of 
complex  perovskites  based  on  their  B-site  cation  order 
and  respective  dielectric.  X-ray,  and  optical  properties. 
The  compounds  and  solid-solutions  are  then  assigned  to 
the  normal  ferroelectrics  (antiferroelectrics)  or  relaxor 
ferroelectrics  (Table  1)  as  based  on  their  characteristics 
outlined  by  Cross.’*  The  relations  of  the  cation  order  in 
the  complex  lead  perovskites  to  the  respective  dielectric 
behavior  (normal  or  relaxor)  are  summarized  in  Table  II 
and  in  Fig.  7, 

We  observed  that  in  the  solid-solutions  of 
Pb(Mg,,,Nbz/,)0,:PbTiO,,  (PMN:PT),  and  Pb(Zn,„Nb2/,) 
Oi'.PbTiOi,  (PZN-.PT),  there  is  a  gradual  disappearance 
of  the  F-spot  close  to  the  morphotropic  phase  boundary 
which  separates  strong  relaxor  ferroelectric  behavior 
from  normal  ferroelectric  behavior  in  the  phase  diagram 
of  solid  solutions.  So  on  the  relaxor  side  of  the  phase 
diagram  there  exists  nanoscale  cation  order  and  in  ;he 
normal  side  of  the  diagram  there  is  a  cation  distribution 
which  is  atomically  random  or  disordered  with  no 
distinct  superstructure.  Also,  we  have  included 
Pb(Fe,/2Nb,/2)03  (PFN)  and  PbfFe./zTa./jlOjfPFT)  as 
“normal”  ferroelectrics  in  Table  II  and  Fig.  7.  In  a 
number  of  studies  on  these  compounds  with  both 
ceramics  and  single  crystals  the  results  point  towards  a 
normal  ferroelectric  behavior  despite  a  broad  phase  tran¬ 
sition  in  the  permittivity  versus  temperature  data.”’  X- 
ray,  birefringence,  and  D.T.A.  (differential-thermal- 
analysis)  point  to  normal  behavior.”  Brunskill  et  al}*' 
and  Brixel  et  a/.”'  have  extrapolated  from  the  tempera¬ 
ture  dependence  of  spontaneous  birefringence,  a  polariza¬ 
tion  order  parameter  in  PFN  and  PFT  respectively.  This, 
as  Brixel  et  al.  concludes,  suggests  these  materials  behave 
like  normal  or  proper  ferroelectrics.  So  those  complex 
lead  perovskites  Pb(B;Br-i)Oj  and  solid  solutions  which 
have  classical  relaxor  behavior  also  possess  nanoscale  B- 
site  order.  This  strong  correlation  is  thought  to  be  very 


Table  It.  Analysis  of  order  and  their  corresponding  dielectric 
behavior  in  a  number  of  Pb(B'B'.,)0,  systems. 


Compound 

Relative  coherence 
length  of  B-site 
long  range  order 

Dielectric 

description 

Pb(Fe„jNb,/j)0,  (PFN) 

disordered 

normal 

Pb(Fe,/jTa„j)0,  (PFT) 

disordered 

normal 

Pb(lv1g,„Nbj/,)0,  (PMN) 

short 

relaxor 

0.9PMN:0.I  PT  (PT-PbTiO,) 

short 

relaxor 

0.8  PMN:0.2  PT 

short 

relaxor 

0.7  PMN:0.3  PT 

short 

relaxor 

0.6  PMN;0.4  PT 

disordered 

normal 

Pb(Zn,„Nb5„)0,  (PZN) 

short 

relaxor 

0.915  PZN:0.085  PT 

short 

relaxor 

0.9PZN:0.1  PT 

short 

relaxor 

0.885  PZN:0.115PT 

disordered 

normal 

Pb(Ni„jNb;„)0,  (PNN) 

short 

relaxor 

Pb(Sc,,  jTa„i)Oi,  (PST) 

short 

relaxor 

Pb(Sc,/.Ta,,;)0, 

long 

normal 

Pb(ln„;Nb|,.)0,  (PIN) 

short 

relaxor 

Pbtln,/,Nb,/j)0, 

long 

normal 

Pb(Mg,„W,/,)0,  (PMW) 

long 

normal 

Pb(Co„jW,/j)0,  (PCW) 

long 

normal 

Pb(Cd,/.Nb,„)0,  (PCN) 

short 

relaxor 

Perovtkiie 


Complex  Lead  Perovskiiei 
Pb(B,B|..-)03 


No  B-site  Csdon 
Order  Present 


B-siie  Cation  Oder 
Present 


rs<Zr,Tii.,jO| 


PMMti/rNbintO) 

rwNiinNSiniOj 

FNtainNSinX)) 

PMSciaNb|/iX>] 
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Behavior,  e.g., 
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Fig.  7.  Flow  diagram  showing  the  classification  of  complex  lead  perov¬ 
skites  with  respect  to  B-site  cation  order  and  dielectric  behavior. 
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important  in  localizing  polar  regions  or  clusters  as  will  be 
discussed  below. 

The  complex  lead-perovskite  Pb(B;Br-,)03  U=l/2) 
and  long  coherence  cation  (LRO)  and  having  ferroelec¬ 
tric  or  antiferroeicctric  properties  are  traditionally  re¬ 
garded  as  normal  ferroelectrics  or  normal  antiferroelec- 
trics  with  long  range  co-operative  interactions  between 
the  dipoles.  However,  the  authors  here  are  cautious  on 
this  point  in  light  of  new  experimental  evidence  of  incom¬ 
mensurate  satellite  reflections  observed  in  TEM  studies 
on  some  of  these  materials.’"’  Some  of  those  compounds 
found  in  this  subgroup  such  as  PCW,  PST,  and  PIN 
have  subtle  incommensurate  dipole  modulations  associ¬ 
ated  with  the  paraelectric-* ferroelectric  phase  transition; 
these  may  not  strictly  be  classified  as  normal  ferroelec¬ 
trics  or  normal  antiferroelectrics.  More  research  is  on-go¬ 
ing  within  this  interesting  subgroup  of  long-range  B-site 
order  lead-based  perovskites  in  order  to  classify  these 
materials. 

2.1  An  hypolhesis  for  the  relaxor  ferroelectrics  as  a 
nanocomposite 

Let  us  introduce  the  perovskite  relaxor  ferroelectrics  in 
terms  of  a  nanocomposite.  These  relaxor  compounds  as 
nanocomposites  can  be  considered  by  two  differing  but 
fundamentally  related  ways. 

(i)  We  may  consider  the  relaxor  nanocomposite 
through  its  chemical  connectivity.”’  According  to  the 
above  results  the  nanoscale  LRO  has  a  0-3  connectivity 
within  a  3-dimensionally  interconnected  disordered 
matrix,  as  schematically  represented  by  Fig.  8. 

(ii)  We  can  also  consider  the  relaxor  nanocomposite 
on  its  mixing  of  polar  and  non-polar  regions.  The  connec¬ 
tivity  of  these  two  phases  is  very  much  a  question  of  the 
temperature  of  the  system.  At  higher  temperatures, 
T>Tq,  (T  h  a  temperature  where  the  total  crystal  is 
paraelectric)  then  we  have  a  material  which  is  chemically 
heterogeneous  as  described  in  (i)  but  electrically 
homogeneous  (or  paraelectric).  However,  lower  tempera¬ 
tures  below  Tn,  optical  and  thermal  expansion  ex¬ 
periments  indicates  the  on-set  of  a  polarization  through 
non-linear  index  of  refraction  and  thermal  strain 
effects;'^ 

Ax,,x  QiikiPki 


Motrii  PhoM:— 
High  permittivity 
bigtily  polorizoblc 
and  floelieoliy  toft- 


ordered  regiont. 


Fig.  8.  Schematic  representation  of  nanoscale  order  domains  (dark 
regions)  in  a  disordered  matrix  in  the  form  of  a  0-3  connected 
nanocomposite. 


Where  zl/f  is  the  optical  birefringence,  ff„u  the  quadratic 
electro-optic  coefficients,  P'  mean  square  polarization, 
Ax,i  thermal  strain  and  0,ii  are  electrostrictive 
coefficients  of  the  material. 

At  temperatures  in  the  range  (T<To),  the  nonpolar- 
polar  connectivity  is  described  in  0-3.  At  lower  tempera¬ 
tures  {T«  7"u)  as  more  and  more  of  the  crystals  volume 
becomes  ferroelectric,  the  connectivity  may  change  to 
other  forms  e.g.,  3-3,  3-0,  etc.  The  mechanisms  of  the 
kinetics  involving  stabilizing  and  equilibration  of 
dynamic  polar  regions  and  clustering  of  neighboring 
polar  regions  through  local  strain  and  local  electric  field 
effects  in  the  matrix  phase  is  not  well  understood.  But,  a 
direct  freezing  in  of  the  polar  microdomain  in  the  cold- 
stage  TEM  studies  on  8.2/70/30  PLZT  has  been  ob¬ 
served  by  Randall  et  a/.”  ”'  indicating  the  existence  of 
such  polar  domains.  Also,  the  Mn-situ’  switching  of  the 
polar  microdomains  to  an  aligned  macrodomain  state 
confirming  their  metastable  phase  transition  in  relaxors. 

The  new  hypothesis  suggests  an  intimate  connection  be 
tween  the  0-3  chemical  order  distribution  (i)  and  0-3 
polar  distribution  (ii)  in  the  complex  lead  perovskites  at 
high  temperatures  T<To,  provided  the  chemically  or¬ 
dered  regions  are  associated  with  a  much  higher  transi¬ 
tion  than  the  surrounding  matrix. 

In  the  following  text  we  will  test  the  0:3  nanocom¬ 
posite  approach  in  relation  to  various  existed  models  for 
exnia’  '.ug  the  relaxor  behavior. 

2.2  Reneike-Ngai  theory  (1976/'' 

This  model  was  originally  postulated  with  ‘disorder’ 
phonon  modes  originating  at  highly  defective  regions  of 
the  lattice  and  coupling  with  the  matrix  soft  mode  and 
locally  perturbing  the  Curie  temperature.  This  is  sug¬ 
gested  to  give  rise  to  0-3  polar  microregion  distributions 
with  various  Curie  temperatures  and  local  polarization 
order  parameters.  One  of  the  major  objections  to  the 
Reneike-Ngai  theory  was  discussed  by  Isupov.”’  He 
pointed  out  that  the  theory  did  account  for  the  broad 
phase  transition  and  described  local  polar  microregions 
but  it  was  based  on  a  homogeneous  crystal  matrix  with 
locally  distributed  defects.  According  to  Isupov,  a 
homogeneous  matrix  does  not  exist  in  relaxofs  and  ail 
microscopic  parts  of  the  crystal  are  inhomogeneous. 

We  suggest  here  that  the  Reneike-Ngai  theory  should 
be  reconsidered  in  light  of  the  present  nanostructural 
observations.  The  new  hypothesis  suggests  an  disordered 
matrix  surrounding  nanoscale  order-domains;  it  is  con¬ 
ceivable  that  the  order  domains  have  additional  phonon 
modes  which  could  couple  to  the  soft  mode  of  the 
matrix.  The  strength  of  the  coupling  and  its  perturbation 
on  the  local  soft  mode  transition  give  rise  to  local  various 
Curie  temperatures.  This  in  turn  may  be  related  to  the 
size  of  the  cation  order  domains  themselves. 

2.3  The  superparaelectric  model  (1987/' 

The  superparaelectric  model  (1987)  satisfactorily  ac¬ 
counts  for  the  nature  of  the  polarization  behavior  in 
polar  microregions.  The  sites  of  cation  order  in  the  disor¬ 
dered  matrix  may  give  potential  wells  ~  100  A  within  the 
lattice  in  which  to  localize  the  superparaelectric  poten- 
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t-0  REPRESENTATION 


At  T«To 


Fig.  9.  Schematic  representation  demonstrating  how  nanoscale  or¬ 
dered  regions  giving  rise  to  local  strain  barriers  within  the  perovskitc 
lattice.  These  barriers  are  the  suggested  sites  to  localize  superparaelec- 
tric  potentials  of  the  polar  regions  at  high  temperatures. 


tials,  as  schematically  represented  in  Fig.  9.  The  lattice 
potential  differences  between  LRO  and  disorder  regions 
are  owing  to  strain  and  electrostatic  energy  differences  be¬ 
tween  these  respective  regions.  This  difference  in  lattice 
potential  then  can  act  as  a  barrier  to  localize  short-range 
dipolar  domains  which,  of  course,  are  described  by  the 
superparaelectric  model.  Which  in  turn  explains  the 
dielectric,  optical.  X-ray,  and  thermal  properties  of  reiax- 
or  ferroelectrics. 

§3.  Summary 

in  summary  the  present  approach  of  cation  order 
which  is  based  on  the  TEM  observations  and  the 
available  experimental  data  on  various  complex  lead  ox¬ 
ide  perovskites  can  be  highlighted  as  follows: 

(i)  Separates  the  complex  lead  perovskite  family  into 
three  subgroups  based  on  B-site  cation  order: 

a)  random  or  fully  disordered  distributions, 

b)  short  coherence  LRO  distributions, 

c)  long  coherence  LRO  distributions. 

(ii)  The  above  approach  links  these  discrete 
nanoscale  order  domains  to  the  relaxor  ferroelectrics  in 
the  complex  lead  perovskites.  This  change  in  B-site 
distribution  from  nanoscale  order  to  random  occupation 
is  observed  very  close  to  the  morphotropic  phase  bound¬ 
ary  in  solid  solution  PZN:PT  and  PMN;PT.  Also,  scale 
of  LRO  accounts  for  the  difference  in  the  macroscopic 
behavior  of  PST  and  PIN.  The  disorder  in  PFN  and  PFT 
accounts  for  the  normal  characteristics  in  the  tempera¬ 
ture  dependence  of  the  spontaneous  birefringence. 

(iii)  The  nanoscale  order  domains  are  natural  sites 
for  localizing  the  superparaelectric  polar  clusters  within  a 
paraelectric  matrix.  This  is  supported  by  the  work  of 
Smolenskii  and  Cross  who  both  predicted  a  size  of  - 100 
A  for  the  polar  microregion  from  the  dielectric  relaxa¬ 
tions  in  the  permittivity  measurements. 

(iv)  However,  despite  the  apparent  successes  of  this 
qualitative  hypothesis,  there  are  still  points  of  conjecture 
we  wish  to  relay  to  the  reader: 


a)  There  is  no  knowledge  of  which  part  of  the  order- 
di.surdcr  0-3  nanocompositc  is  ferroelectric  and 
paraelectric  at  higher  temperatures. 

b)  There  is,  so  far,  no  statistical  analysis  of  the  scale 
of  LRO  distribution  or  volume  percentage  within 
these  materials. 

c)  We  have  only  a  limited  understanding  of  non- 
stoichiometric  order  in  the  x=l/3  complex  lead 
perovskites.””’ 
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From  a  number  of  studies  on  ferroelectric  and  related  materials  based  on  complex  lead 
perovskites  [PbfBi'Bi.x'lOj],  it  is  apparent  that  the  B-site  cation  order  influences  the 
crystallography,  phase  transitions,  and  other  physical  properties.  A  classification  of 
complex  lead  perovskites  is  presented  based  on  the  relative  scale  of  long-range  cation 
order.  In  particular,  we  discuss  the  implications  of  cation  order  in  relation  to  relaxor  and 
normal  ferroelectric  behavior. 


I.  INTRODUCTION 

The  largest  group  of  ferroelectric  and  related  mate¬ 
rials  is  based  on  the  simple  perovskite  structure, 
AB03.''^  In  the  cubic  perovskite  structure  A-cations 
occupy  the  corner  positions  of  the  cube,  the  B-cations 
occupy  the  body-center  position,  and  oxygen  anions  are 
situated  at  the  face-centered  positions.  Within  the  per¬ 
ovskite  family  there  are  many  differing  types  of  fer- 
roic  phases  including  ferroelectrics,  antiferroelectrics, 
ferroelastics,  ferromagnetics,  and  coupled  forms  of 
these.  Using  the  perovskite  structural  tolerance  factor 
(/)  where, 

t  =  ^  —  after  Megaw^  (1) 

V2(Rb  +  Rx) 

and/^A:  ionic  radii  of  A-site  cation 
Rb-  ionic  radii  of  B-site  cation 
Rx-  ionic  radii  of  anion 

a  distribution  of  ferroelectrics  (FE)  and  antiferroelec¬ 
trics  (AFE)  in  the  perovskite  family  were  determined 
by  Ven’skev  and  Zhdanov.**  The  AFEs  are  found  to 
have  a  limited  distribution  0.78  <  r  <  1.00,  while  the 
FEs  cover  the  whole  perovskite  range  0.78  «  t  $  1.05; 
the  tolerance  factors  were  recalculated  using  ionic  radii 
from  Shannon  and  Prewitt.*** 


Of  particular  interest  are  complex  lead-based  per¬ 
ovskites  having  the  general  formula  Pb<Bx'B|.x'’)03, 
where  B'  is  typically  a  low  valence  cation,  e.g.,  Mg*'^ 
Zn*^  Fe*\  Ni**,  In*\  and  Sc**  and  B'  a  high  valence 
cation,  e.g.,  Ti**,  Nb**,  Ta**,  and  W*-.  Within  this  per¬ 
ovskite  subgroup  there  are  many  variations  of  the  type 
of  FE  or  AFE  phase  transition,  but  only  two  forms, 
normal  and  relaxor,  will  be  discussed.  In  contrast  to 
normal  FE  (or  AFE),  relaxors  exhibit  a  broad  and 
strongly  frequency  dependent  phase  transition.  The  ma¬ 
jor  property  differences  which  distinguish  relaxor  ver¬ 
sus  normal  type  ferroelectrics  are  summarized  in 
Table  I.* 

In  addition  to  using  the  tolerance  factor  (t)  to  cate¬ 
gorize  ferroic  behavior  in  perovskites,  Halliyal  and 
Shrout^  found  that  plotting  t  versus  the  average  electro¬ 
negativity  as  expressed  by 

X  =  (;rAo  +  Xbo)/2  (2) 

where  ;^bo  =  electronegativity  difference  between  B 
cation  and  oxygen  and 

Xxo  =  electronegativity  difference  between  A 
cation  and  oxygen 

for  a  range  of  both  simple  and  complex  perovskites,  re¬ 
sulted  in  information  about  the  stability  of  the  per- 


TABLE  I.  Property  differences  between  relaxor  and  normal  perovskite  ferroelectrics  and  antiferroelectrics. 


Property  Normal  Relaxor 


Permittivity  temperature  dependence 
*  “  *{T) 

Permittivity  temperature  and 
frequency  dependence  t  =  t{T,  a>) 
Remanent  polarization  in  ferroelectrics 
Birefringence 
Diffraction  of  x  rays 


Sharp  1st  or  2nd  order  transition  about 
Curie  temperature 
Weak  frequency  dependence 

Strong  remanent  polarization 
Strongly  anisotropy 
Line  splitting  owing  to  spontaneous 
deformation  from 
paraelectric  -•  ferroelectric 
(AFE)  phase 


Broad-diffuse  phase  transition  about 
Curie  maxima  lT,nt) 

Strong  frequency  dependence 

Low  remanent  polarization 

Very  weak  anisotropy  (pseudo-cubic) 

No  x-ray  line  splitting  (pseudo-cubic) 
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ovskite  phase  (see  Fig.  1).  Perovskite  compounds  with 
both  low  I  and  x  tended  to  form  pyrochlore  phase(s), 
and  the  perovskite  phase  was  stabilized  by  solid  solu¬ 
tions  in  which  t  or  x  increased.  It  is  interesting  to 
note  that  many  of  the  “unstable"  complex  compounds 
are  those  which  exhibit  relaxor  behavior. 

In  this  paper  we  propose  to  further  classify  the 
complex  lead  perovskites  based  on  nanostructural  fea¬ 
tures  which  in  turn  are  believed  to  be  the  fundamental 
cause  fur  distinction  between  relaxor  and  normal  FE 
(or  AFE)  behavior. 

II.  LONG-RANGE  ORDER  IN  COMPLEX  LEAD 
PEROVSKITES.  PIKB.'Bt-DO, 

Ordering  of  the  B-site  cations  in  complex  per¬ 
ovskites  occurs,  providing  there  exists  a  sufficiently 
large  interaction  energy  between  neighboring  cations. 
This  intennctiun  is  based  on  valence  and  ionic  nulii  dif¬ 
ferences  between  the  respective  B'  and  B‘  cations.  The 
cations  are  said  to  be  ordered  when  nearest  neighbors 
on  the  B-sublattice  are  unlike  and  next-nearest  neigh¬ 
bors  are  similar;  see  Fig.  2.  If  the  ordering  has  suffl- 
ciently  large  coherency,  the  translational  periodicity  of 
B'  and  B”  gives  rise  to  a  distinct  superlattice  as  de¬ 
tected  by  x  rays,  electrons,  or  neutrons  inferring  long- 
range  order  (LRO).’ 

It  is  of  significance  to  point  out  that  B-site  order  in 
Pb(B.'B|.i")0}  compounds  can  be  either  stoichiometric 
or  nonstoichiometric.  For  example,  B-site  order  in 
.r  =  1/2  compounds,  e.g.,  Pb(Sci/2Ta  1^2)03  (PST)  and 
Pb(Mgi,2W|,2)03  (PMW),  results  in  an  average  valence 
of  (  +  4)  and  thus  is  referred  to  as  stoichiometric  order¬ 
ing.  In  contrast,  nonstoichiometric  ordering  is  found  in 


FIG.  I.  Plot  of  average  elecironegalivity(4')  versus  tolerance  factor 
(f).  where  BT  -  BaTiO,.  KN  -  KNbO,.  BZN  »  Ba(Zn,^bw)0,; 
BZ  »  BaZrO^  ST  -  SrTiO,.  CT  =•  CaTiO,.  PT  »  PKTiO.;  PMN  - 
Pb(Mg,„NbM)Oj.  PSN  -  Pb<Sc,,,Nb,^)0,,  PZ  -  PbZrO,;  PFN  - 
Pb<Fe,,iNb„)0^  PNN  -  Pb(Ni,„Nlh„)0^  PZN  -  Pb(Zn,„NbM)03; 
and  PIN  -  Pb(InmNbi,j)Oi,  and  PCN  »  Pb(Cd„iNbw)03. 


FIG.  2.  The  F-centered  ordering  of  B-site  cations  in  PbfBi/j’Bi/i'IOs. 

X  =  1/3  compounds,  e.g.,  Pb(Mgi/3Nb2/3)03  (PMN)  and 
Pb(Cdi/3Nb2/3)03  (PCN)  where  the  observed  B'B'  order 
is  1:1  and  as  such  the  average  charge  value  is  lower 
than  the  expected  valence  of  (+4).  The  overall  defect 
chemistry  and  average  compensation  mechanisms  of 
the  nonstoichiometric  ordering  are  not  well  understood 
at  this  time.'-’ 

Transmission  electron  microscopy  (TEM)  studies 
on  complex  lead  perovskites'**''^  have  also  been  per¬ 
formed  on  a  wide  variety  of  compounds,  as  summarized 
in  Fig.  3.  The  scale  of  the  ordering  of  B-site  cations  has 
been  classified  and  correlated  to  relaxor  or  normal  FE 
(or  AFE)  behavior  observed  from  experimental  data  us¬ 
ing  Table  I.  As  shown  in  Fig.  3,  the  complex  perovskites 
were  divided  into  three  columns:  (I)  perovskites  pos¬ 
sessing  no  detectable  order  (<2  nm),  (II)  ordered  with 
long  coherency  (^1(X)  nm),  and  (Ill)  ordered  but  on  a 
nanoscale  (2-50  nm)  or  short  coherency.  As  presented, 
both  columns  1  and  11  contain  complex  lead  perovskites 
with  normal  FE  (or  AFE)  characteristics  whereas 
column  ill  contains  many  of  the  relaxor  type  materials. 
A  typical  example  of  nanoscale  order  is  shown  in  Fig.  4 
for  the  relaxor  ferroelectric  0.9  PMN-0.1  PT  (PbTiOj), 
where  white  contrast  regions  correspond  to  the  order 
domains  —10  nm. 

Though  relaxor  ‘like’  behavior  has  been  observed 
for  compounds  such  as  PblFci^Nb  1/2)03  (PFN)  and 
Pb(Fei/2Ta  1/2)03  (PFT)  (column  I),  in  the  form  of  a 
broad  dielectric  transition,  other  physical  properties 
such  as  spcMitaneous  birefringence'*'*^  and  x-ray  line 
splitting  point  to  normal  FE  behavior."  In  certain  com¬ 
pounds,  the  driving  force  for  cation  order  energy  is 
such  that  long-range  coherency  of  B-cations  (LRO)  and 
corresponding  normal  FE  (or  AFE)  behavior  can  be 
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CLASSinCATION  OF  COMPLEX  LEAD  PEROVSKITES 


Complex  Lead  Perovskites 


No  B-Site  Cation 
Order  Present 


Normal  Long  Range 
Dipole  Order  in 
and  A.F.E..  e.g., 

Pb(Fej/jNb!/7)03 

Pb(F«l/2Tt|/l)03 

(*•1)  Pb(M|i/3Nbj/3)Oj:xPT  i  >  0.37 
(1-1)  Pb(Zni/jNbj/3)Oj:iFT  i  >  0.11 


II 


Long  Coherence 
Length  of  LRO 


'Normal*'  F.E. 
and  A.F.E. 
ej.. 

Pb(Sci/2lai/2X)3 

Pb(lni/2Nb|/2)03 

Pb(M|i/2Nb|/2)03 

Pb<Coi/jWi/2)03 


Stoichi 
(X  -  1/2) 


B-Site  Cation  Order 
Present 


III 

Short  Coherence 
Length  of  LRO 

_Z  \ 

iome&ic  Non-! 

1) 

\J 


Sioichiomeinc 
(X-  1/3) 


Relaxor  F.E..  e.g., 
Pb(Zni/jNbyj)03 
Ph(Mfi/3Nt^)C)3 
Pb(Ni|/3Nb2/j)03 
Pb(Ini/2Nb2/3)0) 
Ph(Sci/jT«i/2)Ch 
Ph(Cd|/jNbj/j)03 
(1-1)  Pa(M(|/3Nbi/3)Oj.-xrT  X  <  0.37 
(l-l)  Pb(Zai/)Nbi/j)03:xrT  x  <  0.10 


FIG.  3.  Flow  chart  showing  the  rela¬ 
tionship  between  long-range  cation 
order  and  dielectric  characteristics  in 
complex  lead  perovskites. 


*Incotnmensmie  supenmiciwal  saieUiKS 
found  in  some  meiiiben  of  subpoup  a,a.|.. 

Pb(Coi/2W 1/2)03  and  Pb(Sci/2Tti/i)03. 

achieved  through  thermal  annealing  as  found  for  both 
Pb(Sc„2Ta„2)Oj  (PST)  and  Pb(ln„:Nbw2)Oj  (HN);  thus 
they  are  reported  in  both  columns  II  and  III. 

Along  with  individual  perovskite  compounds,  vari¬ 
ous  solid  solutions  are  reported  in  the  various  columns. 
In  solid  solutions  of  (I  -  x)  PbMgw3Nb2;303XPbri03 
(PMN:PT)and(l  -  x)  PbZn,  3Nb2,303xP«ri03  (PZN : 
PT)  there  is  a  weakening  of  the  superlattices  as  the 


FIG.  4.  B-site  order  domains  in  0.9  PMN  ;0.1  PT. 


PWiOs  (PT)  content  increases.  Eventually,  there  is  a 
ptMnt  where  a  superlattice  cannot  be  detected,  and  thus 
the  solid  solution  is  disordered  or  possesses  only  short- 
range  order  (^2  nm).”  '*  This  has  been  found  to  occur 
in  compositions  very  close  to  the  morphotropic  phase 
boundaries  (MPB)  which  separate  relaxor  from  normal 
FE  behavior.’’’^  These  MPB  compositions  are  approxi¬ 
mately  0.65  PMN: 0.35  PT  and  0.9PZN:0.1  PT  and 
hence  higher  PT  compositions  are  listed  in  column  I 
since  there  is  no  detectable  order  and  correspondingly 
normal  FE  behavior  exists.  Based  on  the  cation  order 
and  its  relative  coherency  and  ferroelectric  behavior,  a 
correlation  is  suggested  within  a  variety  of  compounds 
and  solid  solutions  in  the  complex  lead  perovskites. 

III.  DISCUSSION 

A.  ConsvqiMncet  of  long*rango  order 

The  consequences  of  nanoscale  order  for  relaxor 
behavior  in  lead-based  perovskites  have  been  recently 
discussed  by  Randall  and  Bhalla.^'  The  authors  state 
that  regions  of  nanoscale  order  act  as  sites  to  localize 
superparaelectric  polar  potentials,  schematically  re¬ 
presented  in  Fig.  5.  The  superparaelectric  model,  as 
proposed  by  Cross,  accounts  for  the  dielectric  and  struc- 
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1-0  representation 

A«  T<To 


FIG.  S.  Schematic  representation  of  superparaelectric  potentials 
localized  in  a  nanoscale  LRO  domain  (~10  nm)  of  a  complex  per- 
ovskite  relaxor.  The  superparaelectric  potential  in  the  ith  order  do¬ 
main  has  an  activation  barrier  of  height  H,. 


tural  characteristics  of  relaxor  compounds.’  Basically, 
the  superparaelectric  model  is  analogous  to  superpara¬ 
magnetism  and  refers  to  thermal  agitations  of  the  ori¬ 
entation  of  spontaneous  dipolar  polarization  in  polar 
clusters.  The  size  of  the  polar  clusters  determines  the 
size  of  the  activation  barrier.  H.  between  degenerate 
dipolar  states.  Then  fur  sufficient  thermal  energy,  a 
flipping  of  the  orientation  from  one  state  to  another 
can  occur.  The  flipping  frequency,  v.  is  expressed  as: 


H(V) 

V  =  ui,  exp  -  — — 
Kh/ 


(3) 


where  I'n  =  Debye  frequency  (~I0"-I0''  Hz), 

H(y}  =  Height  of  the  activation  barrier  is  directly 
related  to  the  volume  of  the  polar  cluster.  K 
kn  =  Boltzmann  constant,  and 
r  =  Absolute  temperature 


The  superparaelectric  model  interprets  many  of  the 
relaxor  features  including  broad  dielectric  dispersion, 
nonlinear  optical  and  thermal  properties,  dielectric  ag¬ 
ing,  etc.’  The  superparaelectric  model  and  the  concept 
of  the  polar  clusters  about  nanoscale  order  domains 
have  three  important  attractions  in  contrast  to  the  gen¬ 
erally  accepted  inhomogeneous  chemical  microregion 
model  postulated  by  Smolenskii:” 

(1)  Nanostructural  B-calion  ordered  regions  and 
not  inhomogeneous  chemical  fluctuations  link  relaxor 
ferroelectricity  in  complex  lead  perovskites.  The  scale 
of  this  B-site  order  allows  for  discriminations  to  be 
made  with  the  complex  perovskites  for  those  exhibiting 
either  relaxor  or  normal  type  behavior. 

(2)  The  nanoscale  order  domains  act  as  natural 
sites  to  localize  the  high  temperature  superparaelectric 
polar  clusters  within  a  paraelectric  matrix  on  a  scale 
(—10  nm)  consistent  with  the  predictions  of  Smolenskii^^ 
and  Cross,’  as  previously  deduced  from  dielectric  relax¬ 
ation  calculations. 


(3)  A  distribution  of  the  size  of  ordered  domains 
(e.g.,  10-10(X)  nm)  may  account  for  the  broad  phase 
transitions  observed  in  relaxors.  However,  little  statisti¬ 
cal  inference  in  this  area  has  yet  been  established. 

B.  Inhomogeneous  order 

It  is  generally  accepted  that  variations  in  dielectric 
and  related  properties  for  a  given  material  are  micro- 
structurally  related.  Such  features  include  grain  size, 
porosity,  grain  boundary,  chemical  homogeneity,  and 
domain/twin  structure  with  a  scale  on  the  micron  level 
with  1-100  /j.  grains  at  the  upper  level  and  domain  size 
in  the  range  of  0.1  /z  to  10  |i  at  the  lower  level. 

In  complex  lead  perovskites,  variations  in  the 
dielectric  properties  reported  in  the  open  literature  for 
a  given  material  may  also  be  the  result  of  variations  in 
the  scale  of  nanosized  ordered  regions.  For  example,  in¬ 
homogeneities  of  the  scale  of  ordering  in  flux  grown 
PST  single  crystals,  as  shown  in  Fig.  6(a),  are  believed 


TEMPERATl4tE  (*C) 


FIG.  6.  (a)  Inhomogeneous  order  in  single  crystal  PST.  (b)  Multi¬ 
ple  transitions  in  the  pyroelectric  coefficient  temperature  depen¬ 
dence  in  single  crystal  PST. 
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to  be  the  cause  of  multiple  transitions  which  occur  in 
PST  crystals  as  manifested  by  variations  in  the  pyro¬ 
electric  behavior;  see  Fig.  6(b).  Inhomogeneous  order  in 
polycrystalline  PST  has  also  been  observed,  whereby 
larger  ordered  domains  tend  to  be  observed  near  the 
grain  boundaries  with  smaller  ones  at  the  center  of  the 
grains  (see  Fig.  7).  In  the  case  of  PIN.  where  increases 
of  order  give  rise  to  changes  in  the  dipole  arrangements 
from  FE  to  AFE,  inhomc^eneous  order  results  in 
mixed  FE  and  AFE  phases  and  corresponding  dielec¬ 
tric  mixing  behavior.’' 

C.  Dipolar  incommensurates  and  long-range 
order 

X-rav  and  TEM  studies  on  large-scale  ordered 
Pb(Co,  :W,,:)0,  (PCW)  and  Pb(Sc,  ;Tai  2)Oj  (PST) 
compounds  have  revealed  evidence  of  incommensurate 
displacive  ferroic  phase  transitions  in  the  form  of  super¬ 
lattices  and  satellites.’'"^''  Dark-field  imaging  of  these 
satellites  revealed  discommensurate  microstructures,  as 
presented  earlier.^’  Figure  8  shows  incommensurate 
satellites  in  the  (001)  zone  axis  pattern  of  PCW.  The  de¬ 
tection  of  a  subtle  incommensurate  dipole  modulation 
in  some  of  the  highly  ordered  Pb(Bi/2'Bi;2")Oj  com¬ 
pounds  of  column  II  raises  questions  regarding  local 
dipole  symmetry  within  the  nanoscale  ordered  domains 
of  the  relaxor  perovskites  in  column  III. 

IV.  SUMMARY 

A  classification  of  complex  lead  perovskites  is  pre¬ 
sented  on  the  basis  of  scale  of  B-cation  LRO  and  is 
correlated  to  reported  physical  properties.  The  conse¬ 
quences  of  this  classification  give  rise  to  new  insights 
into  the  perturbations  on  the  long-range  cooperative 


FIG.  7.  Inhomogeneous  order  in  a  PST  ceramic  grain. 


FIG.  8.  Displacive  incommensurate  superlaltices  and  satellites  in 
(001)  zone  axis  patterns  of  ferroic  PCW. 


alignment  of  ferroelectric  dipoles.  The  existence  of 
B-site  LRO  to  form  ordered  domains  on  the  scale  of 
2-50  nm  appears  to  be  an  important  structural  link  be¬ 
tween  the  chemical  distribution  and  the  relaxor  ferro¬ 
electric  behavior.  These  ordered  domains  with  short 
coherency  aie  suggested  as  the  sites  on  which  to  local¬ 
ize  superparaelectric  polar  clusters  of  relaxors. 

Additionally,  other  consequences  of  LRO  include 
inhomogeneous  distributions  of  its  scale,  giving  rise  to 
transitions  over  a  wide  temperature  range.  Also,  recent 
findings  of  an  incommensurate  modulation  of  the  dipo¬ 
lar  alignment  in  perovskites  such  as  PCW  and  PST  show 
other  ways  in  which  the  B-site  order  influences  the  crys¬ 
tallography  of  the  dipole  alignment  in  ferroic  phases. 
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High  permittivity  and  varying  degrees  of  losses  in  diffused  phase  fenoelectrics  negate  the  use  of 
conventional  tcchnic|ues  for  their  study  at  microwave  frequencies.  Therefore,  frequency  difference  and 
quarter  wave  plate  matching  techniques  have  been  employed.  Results  are  presented  on  lead-magnesium 
niobate-lead  titanate  (PMN-PI')  solid  solutions  of  several  compositions.  It  has  been  suggested  that 
partial  charge  compensation  at  the  grain  boundaries  on  solid  dilution  may  play  a  major  role  on  the 
dielectric  properties. 


Complex  perovskite  fcrroelectrics  demonstrate  interesting  electrical  properties. 
They  exhibit  diffuse  phase  transition  of  a  relaxor  type.  In  solid  solutions,  the 
diffusion  of  phase  transition  generally  may  result  from  macroscopical  non-equilib¬ 
rium  inhomogeneity  of  composition.  But  diffused  phase  transition  observed  for 
compound  PbMgi/3Nb2/303  (designated  PMN)  is  due  to  the  micro-  to  nanosize 
order-disordered  ferroelectric  regions. '  Therefore,  these  microscopic  scale  of  chem¬ 
ical  inhomogeneiiics  of  composition  are  the  source  of  diffusion  of  relaxor  type 
phase  transition.  The  situation  is  expected  to  change  for  solid  solutions  of  PMN 
with  other  proper  ferroelectric  PbTi03  (designated  PT  and  having  a  first  order 
phase  change  at  495'’C).  We  report  here  our  investigations  on  dielectric  behavior 
of  PMN-PT  solid  solutions  of  varying  compositions. 

Perovskite  solid  solutions  of  PMN-PT  were  prepared  in  different  compositions 
using  the  two-step  method  discussed  in  detail  by  Swartz  et  al.^  The  absence  (<2%) 
of  pyrochlore  phase  in  samples  of  all  compositions  was  established  by  measuring 
x-ray  diffraction  peak  intensities. 

The  procedure  adopted  for  experimental  determination  of  dielectric  properties 
of  PMN-PT  in  the  microwave  region  as  well  as  low  frequencies  has  been  described 
elsewhere.’  •• 

Four  <lifferent  compositions  of  x-PMN  ()-x)-PT  (where  x  -  0.9.  0.8,  0.7,  and 
0.6)  were  selected  for  the  present  studies.  Figure  1  shows  the  room  temperature 
permittivity  and  dielectric  loss  in  0.6  PMN-0.4  PT  and  0.7  PMN-0.3  PT  in  the  8- 
12  GHz  microwave  frequency  region.  These  results  were  obtained  using  the  fre¬ 
quency  difference  techniques.*  Other  compositions  of  PMN-PT  showed  similar 
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FIGURE  1  Dielectric  properties  of  6(V40  and  70/30  PMN-PT  ceramics  in  the  microwave  region  at 
room  temperature. 


FIGURE  2  Temperature  dependence  of  the  dielectric  permittivity  of  0.9  PMN  O.l  PT  ceramic  at 
microwave  (10  GHz)  and  low  frequencies  100  Hz,  10  kHz.  and  100  kHz. 


behavior.  The  flat  frequency  response  of  PMN-PT  is  in  tune  with  the  true  nature 
of  ferroelectric  relaxors. 

Plots  shown  in  Figure  1  were  obtained,  as  mentioned  earlier,  by  frequency 
difference  techniques.  In  Figure  1,  scatter  in  K  vs,  /  experimental  data  is  seen  at 
room  temperature  and  found  to  increase  at  higher  temperatures.  Therefore,  tem¬ 
perature  studies  were  conducted  with  quarter  wave  plate  technique. This  tech¬ 
nique  negates  the  facility  of  sweeping  the  frequency  and  the  investigations  were 
restricted  to  a  single  frequency. 

Figure  2  illustrates  the  permittivity  of  0.9  PMN-0.1  PT  at  10  GHz  as  a  function 
of  temperature.  A  broad  dielectric  maximum  at  I40”C  is  observed.  For  comparison 
purposes.  Figure  2  also  contains  low  frequency  data  which  exhibit  less  broad  maxima 
in  the  vicinity  of  5(rC.  The  reduction  in  permittivity  and  shifting  of  maxima  towards 
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FIGURE  3  Dielectric  constant  as  function  of  temperature  for  PMN,  0.9  PMN  0.1  PT  and  0.8  PMN- 
.02  PT  at  10  GHz. 

higher  temperature  side  at  microwave  frequencies  is  typical  of  relaxation  processes 
in  the  system. 

The  permittivity  as  a  function  of  temperature  at  10  GHz  for  pure  PMN  as  well 
as  for  PMN-PT  are  shown  in  Figure  3  and  corresponding  loss  data  are  plotted  in 
Figure  4. 

From  the  dielectric  peaks  observed  or  fiom  the  trends  of  permittivity  variation 
with  temperature  (Figure  3)  one  finds  that  as  the  PT  content  in  PMN-PT  becomes 
higher  the  dielectric  peak  moves  to  higher  temperature  side.  The  peak  value  of 
permittivity  becomes  higher  and  the  peaks  get  sharper  for  samples  with  higher 
PT  content. 

The  increase  in  the  value  as  well  as  the  shifting  of  to  higher  temperature 
side  on  increasing  the  PT  content  is  consistent  with  the  expected  general  behavior 
of  solid  solutions.  However,  the  decrease  in  the  width  of  the  peak  with  increase 
in  the  PT  content  does  not  follow  the  expected  pattern.  For  solid  solutions,  com¬ 
positional  fluctuations  are  more  probably  giving  rise  to  more  diffused  phase  tran¬ 
sition.  But  sharper  peaks  for  solid  solutions  with  higher  content  of  PT  may  be  due 
to  the  fact  that  PT  is  a  proper  ferroelectric.  There  is  yet  another  possibility.  PMN 
relaxor  materials  are  considered  as  composites  of  nanoregions  of  chemically  dif¬ 
ferent  composition.  These  regions  are  of  ferroelectric  nature.  This  results  in  charge 
imbalance  at  grain  boundaries.  It  is  likely  that  PT  partly  balances  the  surface 
charges.  As  the  PT  content  is  increased  the  charge  imbalance  decreases  and  thus 
favoring  the  growth  of  larger  macro  ferroelectric  regions.  Thus  the  increase  of  PT 
content  may  be  considered  as  a  move  towards  creating  a  large  ferroelectric  region. 
This  may  give  rise  to  less  diffused  phase  transition  peaks  with  increased  PT  content. 

A  little  hump  in  the  dielectric  response  of  0.8  PMN-0.2  PT  (region  A  in  Figure 
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FIGURE  4  Dielectric  loss  factor  as  a  function  of  temperature  for  PMN,  0.9  PMN-0.1  FT  and  0.8 
PMN-0.2  PT  at  10  GHz. 


3)  indicates  the  on-set  of  morphotropic  boundary.  The  morphotropic  phase  bound¬ 
ary  becomes  more  pronounced  in  0.7  PMN-0.3  PT  composition.’ 

From  Figure  4,  it  may  be  noted  that  dielectric  loss  maxima  do  not  fall  at  the 
same  temperature  as  permittivity  maxima  (Figure  3).  Loss  peaks  are  observed  at 
lower  temperatures.  This  observation  is  consistent  with  the  typical  behavior  of 
relaxor  materials.''* 
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Freezing  of  the  polarization  fluctuations  in  lead  magnesium  niobate  relaxors 

1  — 

Dwight  Viehland,  S.  J.  Jadg,  and  L  Eric  Cross*^ 

Materials  Research  Laboratory,  Pennsyluania  State  University,  University  Park,  Pennsylvania  16802 

Manfred  Wuttig 

Engineering  Materials  Program,  University  of  Maryland,  College  Park.  Maryland  20742 

(Received  7  March  1990;  accepted  for  publication  31  May  1990) 

The  dielectric  relaxation  of  a  solid  solution  of  lO-mol  %  lead  titanate  in  lead  magnesium 
niobate  is  found  to  be  similar  to  the  magnetic  relaxation  in  spin-glass  systems.  Based  on  this 
analogy,  it  is  proposed  that  the  relaxor  ferroelectric  is  a  polar-glassy  system  which  has 
^  thermally  activated  polarization  fluctuations  above  a  static  freezing  temperature.  An  activation 
energy  and  freezing  temperature  of 0.0407  eV  and  291.S  K,  respectively,  were  found  by 
analyzing  the  frequency  dependence  of  the  temperature  of  the  dielectric  maximum  using  the 
Vogel-Fulcher  relationship.^-^  It  has  also  been  shown  that  a  macroscopic  polarization  is 
sustained  on  heating  up  to  this  freezing  temperature.  A  coupling  between  nanometer  scale 
clusters  is  believed  to  control  the  kinetics  of  the  fluctuations  and  the  development  of  a 
frustration  as  the  system  freezes  into  states  of  local  equilibrium.  The  possibility  of  an 
orientational  freezing  associated  with  the  ferroelastic  nature  of  the  nanosized  polar  regions  in 
the  rhombohedral  relaxor  families  as  well  as  a  polar  freezing  is  discussed.  A  diffuse  phase 
transformation  is  believed  to  arise  due  to  a  dispersion  in  the  fluctuation  frequency  of  the 
polarization.  A  qualitative  model  for  the  relaxation  time  spectrum  is  also  proposed  in  which 
the  width  of  the  spectrum  broadens  strongly  near  the  freezing  temperature. 


I.  INTRODUCTION 

Lead  magnesium  niobate  (PMN)  is  the  classic  relaxor 
ferroelectric.  It  easily  forms  a  solid  solution  with  lead  tita¬ 
nate  (FT),  and  relaxor  behavior  persists  up  to  the  morpho- 
tropic  phase  boundary  at  a  composition  containing  35  at  % 
FT.  Relaxors  are  characterized  by  a  strong  frequency  disper¬ 
sion  of  the  dielectric  maxima  (AT,,,., ),  and  the  absence  of 
macroscopic  polarization  and  anisotropy  at  temperatures 
significantly  below  .  It  is  commonly  recognized  that  ail 
relaxors  are  highly  inhomogeneous  materials.  Smolenski*^ 
originally  proposed  that  underlying  the  relaxor  behavior 
was  a  chemical  inhomogeneity  on  a  cation  site  giving  rise  to  a 
diffuse  phase  transformation  (DPT).  He  postulated  that  the 
DPT  arose  due  to  a  multitude  of  local  first  order  phase  tran¬ 
sition  temperatures.  Smolenski's  concept  failed  to  explain 
why  many  nonrelaxor  ferroelectrics  have  a  DPT.  Randalf 
has  found  evidence  for  short  range  chemical  order  on  the 
nanoscale  level  using  transmission  electron  microscopy 
(TEM).  Randall  and  Cross"  have  subsequently  proposed 
(hat  it  is  the  scale  of  the  inhomogeneity  which  underlies  the 
relaxor  behavior.  Cross'*  has  proposed  that  these  nanometer 
scale  clusters  are  dynamical  in  nature  with  the  dipole  mo¬ 
ment  thermally  fluctuating  between  equivalent  directions. 
In  the  absence  of  interactions  between  regions  this  model 
would  be  analogous  to  superparamagnetism, and  conse¬ 
quently  the  frequency  dependence  of  the  temperature  of  the 
dielectric  maximum  should  be  governed  by  a  simple  Debye 
relationship.  Activation  energies  and  preexponential  factors 
of  approximately  7  eV  and  1()*"  s" respectively,  have  been 
obtained  from  analysis  with  the  Debye  equation"  both  of 
which  are  physically  unrealistic  for  simple  thermally  acti- 


*’  Also  in  the  Electrical  Engineering  Department. 


vated  polarization  fluctuations.  Isupov,"  however,  obtained 
an  activation  energy  on  the  order  of  kT  with  a  preexponen¬ 
tial  factor  of  10*  s~ '  by  extrapolating  Cole-<^le  plots.  He 
then  explained  the  dielectric  relaxation  as  a  temperature  de¬ 
pendence  of  the  number  of  polar  regions. 

A  spin-glass  state  is  generally  viewed  as  a  system  of  in¬ 
teracting  superparamagnetic  clusters, and  not  as  a  sys¬ 
tem  of  clusters  with  independent  localized  behavior.  The 
universal  characteristic  of  a  spin  glass,  and  in  general  any 
glassy  behavior,  is  the  existence  of  a  static  freezing  tempera¬ 
ture.  In  structural  glasses  the  freezing  temperature,  com¬ 
monly  known  as  the  glass  transition  temperature,  is  deter¬ 
mined  by  the  onset  of  measurable  visco-elastic  behavior  on 
observable  time  scales.*-’  In  spin  glasses  a  static  freezing 
temperature  can  be  determined  from  the  frequency  depend¬ 
ence  of  the  permittivity'*’  which  approaches  a  constant  val¬ 
ue  at  lower  frequencies.  The  freezing  of  the  magnetic  mo¬ 
ment  in  spin  glasses  is  believed  to  arise  due  to  competing 
interactions,  both  ferromagnetic  and  antiferromagnetic,  be¬ 
tween  neighboring  clusters  preventing  the  establishment  of 
conventional  long-range  ordering.'*  Instead,  these  systems 
become  frustrated  by  establishing  only  local  ordering,  ferro¬ 
magnetic  and  antiferromagnetic,  between  clusters.  Several 
other  types  of  competing  interactions  have  been  found  to 
lead  to  glassy  behavior.  A  dipolar  glass  is  believed  to  exit  in 
Rb,  _ ,  (NH4),H2P04  due  to  a  competition  between  ferro¬ 
electric  and  antiferroelectric  couplings. '’  A  quadrupolar  or 
orientational  glass  is  believed  to  exist  in  KCN-KBr  due  to  a 
competition  between  elastic  interactions  amongst  different 
orientational  states.'*  '’  A  competition  between  a  random 
strain  field  or  anisotropy  with  a  ferromagnetic  coupling  has 
been  predicted  to  lead  to  freezing.'*  All  known  glassy  sys¬ 
tems  to  date  possess  two  key  elements:  ( 1 )  randomness  due 
an  underlying  disorder  usually  with  clustering,  and  ( 2 )  frus¬ 
tration  leading  to  freezing. 
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The  purpose  of  this  work  was  to  investigate  the  dielec¬ 
tric  relaxation  of  PMN-IOPT  and  to  determine  if  the  data 
give  evidence  for  a  static  freezing  temperature.  The  dielectric 
relaxation  has  been  modeled  by  analogy  to  spin-glass  sys¬ 
tems.  Tlic  expectation  was  to  establish  that  significant  inter¬ 
actions  do  exist  between  the  ferroelectric  clusters,  and  to  try 
to  determine  the  nature  of  these  interactions  and  their  impli¬ 
cations  in  the  understanding  of  the  diffuse  phase  transforma¬ 
tion  in  relaxors. 

II.  EXPERIMEHTAL  PROCEDURE 

^  The  samples  used  in  this  study  were  PMN  ceramics  with 
lOat  %PT  (PMN-IOPT). They  were  prepared  asdescribed 
by  Pan  and  Cross.”  The  100  Hz  dielectric  maximum  was 
near  40  *C.  The  samples  were  free  of  aging  as  described  by 
Pan,  ”  were  free  of  pyrochlore  as  described  by  Shrout,^  were 
of  dimensions  1X0.SX0.03  cm,  and  were  electroded  with 
gold.  Stoichiometric  aging  free  samples  were  used  to  avoid  a 
potential  complication  of  the  relaxation  mechanism  by  a 
time  varying  defect  structure. 

The  dielectric  constant  was  measured  as  a  function  of 
frequency  (w)  between  100  and  0*C  at  a  cooling  rate  of 
I  ‘C/min.  The  frequencies  used  were  0. 1, 0.2, 0.4, 1,2,4, 10, 
20,  40,  100,  200,  400,  1(XX)  KHz.  The  dielectric  curve  for 
each  frequency  was  smoothed  and  interpolated  to  find  the 
most  accurate  temperature  of  the  dielectric  maximum 
( T„„ )  to  within  0.02  *C.  The  pyroelectric  current  was  also 
measured  as  a  function  of  temperature,  and  the  polarization 
was  calculated  by  integration  for  comparison  with  the  di¬ 
electric  data. 

III.  RESULTS 

An  illustration  of  the  frequency  dependence  of  the  di¬ 
electric  response  is  shown  in  Fig.  1.  These  curves  demon¬ 
strate  typical  relaxor  behavior  with  the  magnitude  of  the 
dielectric  constant  decreasing  with  increasing  frequency  and 
the  maximum  shifting  to  higher  temperatures.  The  values  of 
and  the  corresponding  frequency  are  tabulated  in  Table 
I.  Figure  2  shows  a  plot  of  the  ln(<u)  vs  l/T^,  where  the 
open  squares  are  the  experimental  data,  it  is  obvious  from 
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FIO.  I.  Dielectric  constant  as  a  function  of  temperature  at  measurement 
frequencies  of  0. 1 , 0.2, 0.4,  t ,  2, 4, 10, 20, 40, 100  KHz.  The  highest  dielec¬ 
tric  response  is  the  0.1  KHz  curve,  the  lowest  is  the  lOOKHzeurve,  andthe 
other  curves  between  are  in  order  of  increasing  frequency. 


TABLE  I.  Temperature  of  the  dielectric  maximum  in  Kelvin  tabulated 
along  side  the  corresponding  measurement  frequency. 


Frequency  (kHz) 

r».(K) 

0.1 

.Hl.‘» 

0.2 

312.75 

0.4 

313.4 

I 

314.35 

2 

315.05 

4 

315.82 

10 

317.38 

20 

318.21 

40 

318.98 

100 

320.59 

200 

321.71 

400 

323.51 

1000 

325.98 

Fig.  2  that  the  frequency  derivative  of  \/T^^  is  smaller  at 
lower  frequencies  in  the  observed  range.  This  figure  visually 
illustrates  that  as  to—0  a  static  freezing  temperature  is  ap¬ 
proached.  The  polarization  as  a  function  of  temperature  is 
shown  in  Fig.  3.  An  extrapolation  of  the  slope  at  the  inflec¬ 
tion  point  to  zero  yielded  a  critical  temperature  near  290  K 
shown  in  Fig.  3  as  7} . 

iV.  DISCUSSION 

The  magnetic  relaxation  in  spin-glass  systems  can  be 
described  by  a  relationship  attributed  to  Vogel^  and  Fulcher^ 
given  in  Eq.  ( 1 ) 

-k  e*Pl  -  7'm..  -  7>  )  ]  ( 1 ) 

where  7}-  is  the  static  freezing  temperature,  E,  the  activation 
energy,  the  Debye  frequency,  and  the  temperature  of 

the  permittivity  maximum.  The  activation  energy  is  general¬ 
ly  believed  to  be  the  product  of  an  anisotropy  energy,  K,„„ , 
and  the  cluster  volume,  V,  as  originally  described  by  Neel.  ” 
Analysis  of  the  thirteen  pairs  of  ),  given  in  Table  I, 

with  a  Levenberg-Marquadt  nonlinear  analysis  program  us- 
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FIG.  2.  Inverse  of  the  lempenture  of  the  dielectric  maximum  as  a  function 
of  the  measurement  frequency. 
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FIG^3.  RemaneiK  polarization  as  a  function  of  temperature. 


ing  Eq.  ( 1 )  gave  an  activation  energy  of 0.0407  eV,  a  preex* 
ponential  factor  of  1 .03  X  10'^  Hz,  and  a  static  freezing  tem¬ 
perature  of  291.S  K.  The  curve  fitting  to  the  data  is  shown  as 
the  solid  line  in  Fig.  2.  The  close  agreement  of  the  data  with 
the  Vogel-Fulcher  relationship,  suggests  that  the  relaxor  be¬ 
havior  in  the  PMN  system  is  analogous  to  a  spin  glass  with 
polarization  fluctuations  above  a  static  freezing  tempera¬ 
ture.  The  activation  energy  and  preexponential  factor  are 
both  consistent  with  thermally  activated  polarization  fluctu¬ 
ations.  The  most  probable  fluctuation  mechanism  is  the  ro¬ 
tation  of  the  polarization  in  an  isothermal  plane  between 
equivalent  orientations  as  the  electrcxrystalline  anisotropy 
energy  is  generally  smaller  than  the  paraelectric  free  energy, 
i.e.,  the  polar  fluctuations  are  not  heterophase  fluctuations. 
The  PMN  family  of  relaxors  are  rhombohedral,^'  and  conse¬ 
quently  the  fluctuations  will  occur  between  (111)  variants. 
K^,  then,  is  probably  the  electrocrystalline  anisotropy  en¬ 
ergy  which  represents  the  barrier  for  a  rotation  of  the  polar¬ 
ization-  between  adjacent  (111)  variants  as  shown  in  Fig. 
4(a),  rather  than  the  paraelectric  free  energy  representing 
the  barrier  through  the  center  (paraelectric  state)  which  is 
more  consistent  with  heterophase  fluctuations  (paraelectric 
to  ferroelectric)  as  shown  in  Fig.  4(b).  It  is  difficult  to  com¬ 
ment  with  certainty  on  whether  or  not  fluctuations  may  oc¬ 
cur  between  other  minima,  such  as  between  (111)  and  (110) 
variants.  Recent  x-ray  refinement  results  by  Bonneau  et 
give  evidence  in  support  of  this  idea.  A  complete  phenome¬ 
nological  description,  then,  may  have  to  include  variants 
along  other  crystallographic  orientations.  It  may  be  charac¬ 
teristic  of  relaxors  that  many  of  the  minima  are  close  to  the 
same  depth,  i.e.,  the  energy  surface  is  near  spherical.  The 
fluctuation  mechanism  in  the  tungsten  bronze  family  of  re¬ 
laxors  should  be  significantly  different  than  the  PMN  family 
because  the  structure  in  the  prototypic  form  is  tetragonal 
with  only  two  domain  states.  The  fluctuations  in  tungsten 
bronzes  probably  occur  through  the  center  and  are  more 
closely  related  to  a  heterophase  fluctuation  than  a  superpar- 
aelectric  relaxation.  The  static  freezing  temperature  for 
PMN-  lOPT  was  in  close  agreement  with  the  temperature  of 
the  collapse  in  the  remanent  polarization  ( 290  K ) .  The  stat¬ 
ic  freezing  temperature  is  large  relative  to  those  of  spin-glass 
systems’^'^^  and  the  Rbo*,  (NH4)o  „  H,P04  polar-glass  sys¬ 
tem.” 
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FIG.  4.  (a)  Poteiiiial  well  diagnm  which  illusiraies  the  activation  energy 
for  a  superpareelectric  relaxation  where  £„  is  the  electrocrystalline  anisot¬ 
ropy  and  Fis  the  polarization,  (b)  Potential  well  diagram  which  illustrates 
the  activation  energy  for  a  heterophase  fluctuation  where  is  the  paraelec¬ 
tric  free  energy. 


The  Vogel-Fulcher  relationship  may  be  interpreted  as  a 
normal  Debye  relaxation  with  a  temperature-dependent  ac¬ 
tivation  energy.  The  activation  energy  increases  as  the  tem¬ 
perature  decreases  becoming  undefined  at  the  freezing  tem¬ 
perature.  A  more  realistic  interpretation  of  this  relationship, 
in  reference  to  relaxors,  is  that  £.  represents  the  activation 
energy  for  polarization  fluctuations  of  an  isolated  cluster 
with  the  temperature  dependence  arising  from  the  develop¬ 
ment  of  short-range  order  between  neighboring  clusters  with 
^7}  being  a  measure  of  the  interaction  energy.  It  is  certainly 
possible  that  the  ferroelectric  clusters  interact  via  dipole  and 
dipole-induced  dipole  exchanges.  The  possibility  also  exists 
that  the  clusters  could  interact  elastically  through  local 
rhombohedral  distortions  implying  that  the  clusters  may 
freeze  into  an  orientational  glassy  state  and  are  superparae- 
lastic  above  the  freezing  temperature.  The  close  agreement 
of  the  frequency  dependence  of  r„„  with  the  Vogel-Fulcher 
relationship  and  the  reasonable  values  obtained  from  the 
analysis  imply  that  the  mean  £'.  does  not  significantly 
change  in  the  temperature  interval  investigated.  The  mean 
£.  would  be  expected  to  decrease  with  increasing  tempera- 
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ture  if  the  frequency  dependence  of  T„„  was  a  reflection  of 
the  inability  bflhe  larger  clusters  follow  the  drive  with 
increasing.frequency.  The  evidence  presented  here  indicates 
that  to  a  close  approximation  the  kinetics  of  the  polarization 
fluctuations  in  the  radio  frequency  range  are  controlled  by 
the  interactions  between  the  clusters  and  the  development  of 
local  correlations,  and  not  by  a  change  in  the  number  of 
ferroelectric  clusters  or  their  size.  Careful  inspection  of  the 
data  did  reveal  a  slow  decrease  in  as  the  higher  frequen¬ 
cies  values  of  were  added  in  the  analysis,  and  also  the  10 
GHz  r„„  ( 125  ’C)  as  reported  by  Jang’*  was  approximate¬ 
ly  10  °C  higher  than  predicted  from  the  radio  frequency  data 
using  Eq.  (I). 

The  PMN  system  partitions  into  nanoscale  clusters  of 
I ;  I  ordering  between  Mg  and  Nb  and  into  disordered  regions 
which  are  Mg  deficient."  Because  of  this  “fossil"  chemistry 
left  over  from  the  processing,  relaxors  may  not  be  able  to 
establish  a  homogmeous  order  of  the  polarization  but  only 
short-range  order  between  neighboring  clusters.  It  is  gener¬ 
ally  believed  that  for  the  development  of  glassy  behavior 
competing  interactions  are  necessary  in  addition  to  a  chemi¬ 
cal  disorder.  This  may  not  necessarily  be  the  case  in  relaxors, 
but  there  are  previous  results  in  the  literature  which  lend 
support  to  such  a  hypothesis.  It  is  well  known  that  the  anti- 
ferroelectric  phase  boundary  on  the  lead  zirconate  side  of  the 
lead  zirconate  titanate  (PZT)  phase  diagram  extends 
towards  the  morphotropic  phase  boundary  with  increasing 
La-'*  (PLZT),  and  there  have  been  reports  that  PLZT  relax¬ 
ors  are  in  a  mixed  phase  region  of  ferroelectric  and  antifer- 
roeiectric  members. Randalf  has  recently  found  evi¬ 
dence  which  indicates  that  some  nanoscale  clusters  in  PLZT 
are  ferroelectric  and  others  antiferroelectric.  Also,  lead 
scandium  tantalate  (PST)  and  lead  indium  niobate  (PIN) 
are  both  relaxor  ferroelectrics  of  the  PMN  family  with  simi¬ 
lar  properties  whose  positional  order  can  be  controlled  by 
thermal  treatment.  The  ordered  PST  is  ferroelectric,^  ’"  but 
the  PIN  orders  into  an  antiferroelectric  state.”'"”'  These 
results  imply  that  there  may  be  tendencies  for  both  ferroelec- 
tricity  and  antiferroelectricity  in  the  PMN  and  PLZT  fam¬ 
ilies.  A  possible  explanation  for  this  tendency  may  be  that 
the  potential  wells  along  the  (111)  directions  are  very  shal¬ 
low,  and  hence  other  wells  representing  different  orienta¬ 
tions  or  order  parameters  may  make  a  significant  contribu¬ 
tion  to  the  overall  free  energy.  The  implication  is  that  the 
development  of  a  frustration  on  freezing  may  occur  due  to 
the  complex  nature  of  the  free  energy  phase  space.  Another 
possible  mechanism  by  which  conflicting  interactions  may 
arise  is  via  a  perturbation  on  a  potential  well  of  a  micropoiar 
region  due  to  interactions  with  neighboring  regions.  In  this 
situation  the  dipole  moment  of  a  micropoiar  region  would 
not  be  able  to  fluctuate  independently  of  its  neighbors.  The 
dipole  moments,  then,  would  not  freeze  randomly  into  a  var¬ 
iant,  but  the  freezing  process  would  be  cooperative  and  the 
direction  in  which  one  dipole  freezes  influences  its  neigh¬ 
bors.  The  macroscopic  effect  may  be  that  some  regions  ener¬ 
getically  favor  a  ferroelectric  coupling  with  their  neighbors, 
while  the  other  regions  favor  antiferroelectric  or  ferroelastic 
couplings.  It  is  too  early  to  speculate  effectively  any  further 
upon  the  exact  nature  of  the  interactions  responsible  for 

J  Aooi  P>tiv9  Vol  68.  No  6  15  Seotembor  1990 


freezing,  or  for  the  frustration  which  prevents  the  onset  of 
long-range  polar  order.  These  questions  may  be  resolved 
when  current  studies  to  explore  the  separate  nonlinearities  in 
both  dielectric  and  elastic  responses  are  completed.  The 
most  definite  statement  that  can  presently  be  said  is  that 
PMN  relaxors  probably  possess  both  key  ingredients  for  a 
glassy  state:  ( I )  disorder  with  clustering,  and  ( 2 )  a  competi¬ 
tion  between  interactions  leading  to  freezing.  It  may  be  sug¬ 
gested  that  the  differences  between  various  relaxors  is  a  re¬ 
flection  of  the  different  nanoscale  interactions  and  the 
corresponding  competitions  which  dominate  the  freezing 
process. 

The  fundamental  difference  between  spin-glass  freezing 
and  a  thermal  blocking  process  as  observed  in  superpara¬ 
magnetism  is  that  freezing  is  a  collective  or  cooperative  phe¬ 
nomena,  whereas  a  thermal  blocking  process  is  a  local  or 
independent  phenomena.  The  cooperative  phenomena  is  be¬ 
lieved  to  be  a  reflection  of  interactions  which  are  “in  con¬ 
flict"  due  to  inhomogeneities.  The  implication  is  that  the 
relaxor  behavior  is  also  a  collective  phenomena  where  short 
range  interactions  between  the  micropoiar  regions  control 
the  kinetics  of  the  polarization  fluctuations  and  the  freezing 
process.  Because  of  the  cooperative  nature  of  the  freezing 
process  the  field-cooled  relaxor  state  has  a  macroscopic  po¬ 
larization  and  is  hysteretic  below  7} .  The  agreement  of  the 
extrapolated  temperature  of  zero  polarization  with  the  freez¬ 
ing  temperature  indicates  that  the  collapse  of  the  remanent 
polarization  is  a  result  of  the  kinetics  of  the  fluctuations. 
When  the  kinetics  approach  observable  time  periods,  the  po¬ 
lar  axes  of  the  clusters  begin  to  randomize  and  consequently 
a  poled  sample  loses  its  macroscopic  polarization  and  anisot¬ 
ropy.  Figure  S  illustrates  the  expected  agreement  of  the  near¬ 
zero  frequency  dielectric  response  and  the  collapse  of  the 
remanent  polarization  at  7} .  The  difference  between  the 
zero-field-cooled  (unpoled)  and  field-cooled  (poled)  states 
might  be  that  the  properties  of  the  zero-field-cooled  state 
correspond  to  a  single  minimum  in  phase  space  representing 
the  average  local  equilibrium,  whereas  the  properties  of  the 
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FIG.  S.  Diagram  illustrating  the  proposed  agreement  of  the  collapse  in  th>. 
remanent  polanzaiion  and  the  sialic  freezing  lemperalurv  as  calculated 
from  the  dielectric  data. 
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iidd-cooled  state  correspond  to  the  average  over  all  minima 
representing  a  global  equilibrium.  The  establishment  of  the 
global  equilibrium  would  only  occur  through  a  forced  elec¬ 
trical  or  electroelastic  alignment  of  the  polarization  vectors 
of  the  clusters.  On  subsequent  cooling  below  7}  the  dipoles 
would  stay  aligned  aAer  the  field  is  removed. 

The  clusters  have  a  size  dispersion  which  determines  the 
width  of  the  relaxation  time  spectrum.  A  significant  size  dis¬ 
persion  was  found  by  Randall"  and  Harmer’^  using  TEM.  A 
relatively  small  difference  in  the  cluster  volume  would  make 
a  large  change  in  its  fluctuation  frequency.  Assuming  a  tem¬ 
perature  of  SO  *C,  spherical  regions  with  an  average  diameter 
of  SO^  which  is  in  agreement  with  the  mean  size  found  by 
TEM,”"'^  and  accepting  the  activation  energy  and  freezing 
temperature  presented  in  this  work,  an  electrocrystalline  an¬ 
isotropy  of  6.22  X  I0“"  eV/nm'  and  a  value  for  k(T—Tf) 
of 0.0027 1  eV  can  be  approximated.  Using  Eq.  ( 1 ),  it  can  be 
shown  that  regions  of  diameter  4S  and  SS  A  would  have 
fluctuation  frequencies  of  approximately  2x10^  and  2x10^ 
Hz,  respectively.  The  freezing  process,  then,  may  be  related 
to  a  strong  broadening  of  the  relaxation  time  spectrum 
whose  mean  extends  into  the  regime  of  macroscopic  times  at 
Tj .  The  faster  end  of  this  time  spectrum,  i.e.,  smaller  clus¬ 
ters,  would  control  the  relaxation  observed  below  Tf  which 
subsequently  must  be  cooled  to  lower  temperatures  to  reach 
macroscopic  time  periods.  An  implication  of  the  relaxation 
below  Tf  is  that  the  system  may  freeze  into  a  state  which  has 
nonequilibrium  characteristics  such  as  a  time-dependent  or¬ 
der  parameter.  It  is  possible  that  other  relaxation  mecha¬ 
nisms  are  becoming  important  below  Tf .  For  example,  a 
relaxation  associated  with  domain  wall  vibration  ora  relaxa¬ 
tion  due  to  the  cooperative  motion  of  a  group  of  clusters. 

In  an  ideal  superparaelectric  the  clusters  are  indepen¬ 
dent  and  the  frequency  dependence  of  T„.„  is  governed  by 
the  Debye  equation  (<u  ~ The  Vogel- 

Fulcher  relationship  can  be  rearranged  to 

Tf/T„^^  is  a  measure  of  the 
nonideality  of  a  superparaelectric  state  due  to  interactions. 
As  the  temperature  is  increased  Tf/T,„„  decreases  and  the 
clusters  behave  more  ideally.  At  the  10  GHz  T^^ 
( 125*0,^'  Tf/T„,^^  is  approximately  0.7  suggesting  that 
strong  correlations  between  clusters  exist  even  at  high  fluc¬ 
tuation  rates,  but  significant  deviation  from  the  Vogel- 
Fulcher  relationship  with  respect  to  the  radio  frequency  data 
was  evident.  At  900  K  Tf/T,„^,  is  predicted  to  beO.3  which  is 
physically  unrealistic.  Obviously,  the  Vogel-Fulcher  rela¬ 
tionship  cannot  be  used  to  model  the  dielectric  relaxation 
near  and  above  10  GHz.  The  deviation  from  this  relationship 
can  be  explained  by  conceptually  adjusting  the  static  picture 
of  the  diffuse  phase  transformation.  Instead  of  having  polar 
and  nonpolar  regions  co-existing  over  a  broad  temperature 
interval  with  the  volume  fractions  continuously  changing,^^ 
local  polar  regions  which  have  a  dispersion  in  their  fluctu¬ 
ation  frequencies  may  co-exist  over  a  significant  part  of  this 
interval.  The  dispersion  in  the  fluctuation  frequency  is  a  re¬ 
flection  of  the  cluster  size  dispersion.  A  cluster  will  remain 
ferroelectric  until  the  temperature  at  which  its  polarization 
fluctuates  at  a  frequency  approaching  (but  below)  the  De¬ 
bye  frequency  above  which  point  the  dipoles  of  a  cluster  can 
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FIG.  6.  Dtagram  illusirating  the  proposed  temperature-dependent  rehua- 
tion  time  spectrum.  G{  r)  is  the  number  of  mkropoiar  regions  having  a  re¬ 
laxation  time  r. 


only  move  individually.  The  response  of  the  smaller  clusters 
which  fluctuate  more  rapidly  will  “clamp  out”  at  lower  tem¬ 
peratures  becoming  paraelectric.  When  this  occurs,  the  aver¬ 
age  distance  between  the  remaining  ferroelectric  clusters 
will  increase  decreasing  their  interaction.  Above  this  tem¬ 
perature,  polar  and  nonpolar  regions  co-exist  with  the  vol¬ 
ume  fraction  of  the  polar  regions  decreasing  with  increasing 
temperature  as  more  clusters  become  paraelectric.  Below  a 
critical  percolation  threshold,  the  correlation  between  the 
remaining  ferroelectric  clusters  will  be  destroyed.  At  this 
point  the  clusters  become  isolated  behaving  as  an  ideal  su¬ 
perparaelectric.  The  deviation  of  the  frequency  dependence 
of  ^nw.  from  the  Vogel-Fulcher  relationship  at  high  tem¬ 
peratures  may  then  be  explained  by  a  change  in  Tf/T„„  as 
the  distribution  of  relaxation  times  extends  into  the  regime 
of  the  Debye  frequency. 

A  model  of  a  temperature-dependent  relaxation  time 
spectrum  is  presented  in  Fig.  6.  This  model  is  not  quantita¬ 
tive,  but  is  qualitatively  consistent  with  the  experimental  ob¬ 
servations.  The  isothermal  width  of  the  spectrum  is  shown  to 
become  very  broad  at  7)  with  the  mean  value  (  t,„  )  ap¬ 
proaching  macroscopic  time  periods.  Below  Tf  a  noticeable 
fraction  of  the  relaxations  is  shown  to  occur  at  shorter  times. 
The  shortest  relaxation  time  )  is  shown  to  approach 
macroscopic  times  only  at  temperatures  far  below  Tf . 
Above  Tf  the  isothermal  width  of  the  relaxation  time  spec¬ 
trum  continuously  sharpens  as  the  temperature  is  increased 
with  and  t„,„  approaching  the  microscopic  time  regime. 
Upon  further  increment  of  the  temperature  approaches 

and  at  T^  becomes  larger  than  .  Tj  can  be  viewed  as  the 
start  temperature  of  the  diffuse  phase  transformation  in 
which  polar  and  nonpolar  regions  co-exist.  At  temperatures 
greater  than  T^,  r,„,  and  r„„  begin  to  approach  indicat¬ 
ing  that  the  volume  fraction  of  the  polar  regions  is  decreas¬ 
ing. 

V.  CONCLUSION 

Strong  evidence  for  a  static  freezing  temperature  of  ther¬ 
mally  activated  polarization  fluctuations  in  PMN-IOPT  was 
found  by  modeling  the  dielectric  relaxation  using  the  Vogel- 
Flucher  relationship.  The  activation  energy  and  static  freez¬ 
ing  temperature  obtained  were  0.0407  eV  and  291.5  K,  re¬ 
spectively.  The  macroscopic  polarization  was  also  found  to 
collapse  near  the  static  freezing  temperature  on  heating.  A 
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polar-glassy  model  for  relaxors  was  then  proposed  on  the 
basis  of  these  results  with  the  interaction  between  the  micro- 
polar  regkm  controlling  the  kinetics  of  the  fluctuations  and 
the  development  of  a  frustration  near  the  freezing  tempera¬ 
ture. 
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The  field  dependence  of  the  dielectric  response  has  been  measured  for  lead  magnesium  niobate 
relaxors.  The  frequency  dispersion  of  the  temperature  of  the  permittivity  maximum,  r,,,,,, ,  was 
analyzed  using  the  Vogei-Fulcher  relationship.  The  field  dependence  of  the  permittivity  at 
various  temperatures  was  also  modeled  using  a  phenomenological  expansion  in  the  electric 
field.  The  activation  energy  and  a  softening  of  the  dielectric  response  were  found  to  be 
maximum  under  a  small  bias.  The  freezing  temperature  was  found  to  be  minimum  near  this 
same  bias.  These  results  are  interpreted  to  mean  that  the  moments  of  the  polar  clusters  do  not 
freeze  in  random  orientations,  but  rather  locally  preferred  configurations  of  moments  are 
proposed  to  exist.  Evidence  is  presented  that  the  scale  of  these  configurations  is  approximately 
100  A.  At  higher  biases  the  relaxation  mechanism  was  shut  down;  consequently,  the  nonlinear 
response  was  stiffened  and  increased.  The  nonlinear  response  was  also  found  to  be 
maximum  near  the  freezing  temperature. 


I.  INTRODUCTION 

Lead  magnesium  niobate  (PMN)  was  the  first  ferro¬ 
electric  discovered  which  exhibited  a  classic  dielectric  relax¬ 
ation'  and  consequently  was  designated  a  relaxor  ferroelec¬ 
tric.  Since  that  time,  many  relaxors  have  been  identified  in 
mixed  oxide  systems,  primarily  in  the  perovskite  and  tung¬ 
sten  bronze  structure  families.  Relaxors  are  unable  to  sustain 
a  macroscopic  polarization  until  temperatures  significantly 
below  the  dielectric  maximum  ),  but  a  local  polariza¬ 
tion  is  known  to  exist  until  much  higher  temperatures.’ 
These  locally  polarized  regions  are  believed  to  have  rhombo- 
hedral  symmetry'  and,  consequently,  eight  equivalent  var¬ 
iants.  In  consideration  of  these  findings.  Cross'*  suggested 
that  the  polar  clusters  are  superparaelectric  with  the  polar¬ 
ization  thermally  fluctuating  between  equivalent  directions. 
The  density  of  the  polar  clusters  as  observed  by  transmission 
electron  microscopy^"  (TEM)  is  high  enough  that  collec¬ 
tive  effects  between  clusters  may  be  significant.  Viehland  et 
aU  have  consequently  suggested  that  the  fluctuations  have  a 
freezing  temperature  similar  to  spin  glasses.  Similar  behav¬ 
ior  in  which  long-range  polar  order  is  in  conflict  with  ran¬ 
dom  freezing  has  been  reported  in  KTa,  ^Nb.O,,’"’ 
K,  _  ,Li,TaO,,'"  and  K,  ,  (NH4),H,PO,."  Burns  and 
Dacol”  and  Bovton  et  al.'^  have  previously  discussed  the 
similarities  of  PMN  relaxors  to  dipole  and  spin  glasses. 

Relaxors  are  known  to  be  strongly  nonlinear  materials. 
The  dielectric  permittivity'^”  and  elastic  constants'"""* 
have  both  been  reported  to  be  altered  by  an  electric  field.  It  Is 
generally  believed  that  the  nonlinearities  are  a  reflection  of 
the  macroscopic  polarization  which  can  be  sustained  by  an 
electric  field  to  much  higher  temperatures.  The  polarization 
is  completely  reversible  and  collapses  when  the  field  is  re¬ 
moved.  Pan  etal.'^  have  investigated  the  field  dependence  of 
the  room-temperature  dielectric  constant  in  PMN;  they 
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found  strong  nonlinearities  and  a  suppression  of  the  frequen¬ 
cy  dispersion  at  higher  biases.  Xi,  Zhilli,  and  Cross''*  pro¬ 
posed  an  electric-field-induced  micro-macro  domain  transi¬ 
tion  in  La-mcxiified  lead  zirconate  titanate  with  8  at.  %  La 
and  a  Zr/Ti  ratio  of  6S/3S  near  the  temperature  of  the  onset 
of  a  macroscopic  polarization  to  account  for  the  field  depen¬ 
dence  of  the  dielectric  response. 

Spin  glasses  can  be  viewed  as  interacting  superparamag- 
netic  clusters.’®  These  materials  are  characterized  by  a 
freezing  temperature  at  which  the  fluctuations  of  the  mag¬ 
netic  moment  condense  and  by  conflicting  interactions.  Spin 
glasses  are  also  known  to  be  strong  nonlinear  materials  mag¬ 
netically.  It  is  generally  believed  that  the  change  in  proper¬ 
ties  is  a  reflection  of  an  alignment  of  spins  and  an  ordering  of 
nearest-neighbor  interactions,  leading  to  a  change  in  the  dy¬ 
namics  of  the  freezing  process.  The  magnetic  permittivity,’' 
temperature  of  the  permittivity  maximum,”  and  the  onset 
of  irreversibility”  have  all  been  reported  to  be  altered  by 
magnetic  fields.  The  purpose  of  this  work  was  to  investigate 
the  field  dependence  of  the  freezing  process  and  the  nonlin¬ 
ear  permittivity  in  PMN  relaxors.  The  field  dependence  of 
the  dielectric  response  has  been  comprehensively  measured 
up  to  bias  levels  above  saturation. 

II.  EXPERIMENTAL  PROCEDURE 

The  samples  used  in  this  study  were  PMN  ceramics  with 
I0at%  PT  (PMN-IOPT).  They  were  prepared  as  described 
by  Pan.’*  The  100  Hz  dielectric  maximum  was  near  40  ’C. 
The  samples  were  free  of  aging  as  described  by  Pan,’*  free  of 
pyrochlore  as  described  by  Swartz  and  Shrouf,”  of  dimen¬ 
sions  I  cmxO.5  cmxO.05  cm,  and  electroded  with  gold. 
Stoichiometric  aging  free  samples  were  used  to  avoid  a  po¬ 
tential  complication  of  the  relaxation  mechanism  by  a  defect 
structure. 

The  dielectric  response  was  measured  as  a  function  of 
frequency  and  temperature  at  bias  levels  of  0, 0.5, 1 , 2, 3, 4, 5, 
6,  7,  8,  10,  12,  14,  20,  and  28  kV/cm.  The  frequencies  used 
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(c)  (d) 


FIG.  I.  Dielectric  constant  and  dissipation  factor  as  a  function  of  tempera¬ 
ture  at  measurement  frequencies  of  0.1,  I,  10,  100,  and  1000  kHz.  The  lar¬ 
gest  dielectric  constant  and  dissipation  factor  are  the  0. 1  kHz,  the  smallest 
are  the  1000  kHz,  and  the  other  curves  between  are  in  order  of  increasing 
frequency,  (a)-(d)  areal  bias  levels  of 0, 8, 20,  and  28  kV/cm  respectively. 


were  0. 1 , 0,2, 0.4,  1 ,  2, 4.  10.  20, 40,  100,  200, 400,  and  1000 
kHz.  Measurements  were  made  in  the  temperature  range  of 
0-1 50  °C  by  cooling  at  a  rate  of  1  *C/min.  The  measurements 
were  made  using  an  HP4275A  and  4274A  LCR  meters.  Two 
large  blocking  capacitors  were  used  to  protect  the  dielectric 
bridge  from  possible  dielectric  breakdown  of  the  sample.  A 
20-Mn  resistor  was  put  in  series  with  the  dc  power  supply  so 
as  not  to  bypass  the  ac  current  from  the  capacitance  bridge. 

III.  RESULTS 

The  field  dependencies  of  the  dielectric  responses,  both 
real  and  imaginary,  are  illustrated  in  Figs.  I(a)-I(d)  for 
bias  levels  of  0,  8,  20,  and  28  kV/cm,  respectively.  It  can  be 
seen  that  an  electric  field  reduces  the  dielectric  constant, 
suppresses  the  frequency  dispersion,  and  increases  the  tem¬ 
perature  of  the  dielectric  maximum.  Also,  the  dielectric  loss 
was  reduced  and  showed  a  more  pronounced  maximum.  Un¬ 
der  larger  biases,  Maxwell- Wagner  losses  are  evident  at  high 
temperatures  as  shown  in  Figs.  1(c)  and  1(d).  The  loss  is 
not  shown  in  Fig.  1(d)  above  80 'C  in  order  to  make  the 
graph  distinguishable. 

The  field  dependence  of  is  shown  in  Fig.  2(a).  The 
0.1 -kHz  was  approximately  15  000  under  0  kV/cm, 
decreased  slowly  at  lower  bias  levels,  and  then  decreased 
quadratically  to  approximately  1500  under  28  kV/cm.  At 
higher  frequencies,  K„,„,  showed  less  field  dependence,  but 
no  dispersion  of  was  observed  above  10  kV/cm.  The 
field  dependence  of  the  temperature  of  the  dielectric  maxi¬ 
mum  ( r,„„, )  is  shown  in  Fig.  2(b).  The  0. 1 -kHz  went 

through  a  minimum  of  approximately  38  *C  under  3  kV/cm 
and  then  increased  to  approximately  ]I0*C  under  28 
kV/cm.  Similar  results  were  obtained  for  the  other  frequen¬ 
cies.  At  higher  measurement  frequencies,  was  less  de¬ 
pendent  on  the  bias,  but  no  dispersion  was  observed  above  10 
kV/cm  in  the  frequency  domain  investigated. 

IV.  DISCUSSION 

The  strong  field  dependence  of  the  dielectric  permittivi¬ 
ty  can  be  interpreted  in  terms  of  an  alignment  of  the  mo¬ 
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FIG.  2.  (a)  Penniltivity  maximum  (Ar„,, )  as  a  function  of  dc  bias  level. 
The  measurement  frequencies  were  0.1,  I,  10,  100,  and  1000  kHz.  The  lar¬ 
gest  's  are  the  0. 1  kHz,  the  smallest  are  the  1000  kHz.  and  the  other 
curves  between  are  in  order  of  increasing  frequency,  (b)  Temperature  of 
permittivity  maximum  (  r„„, )  as  a  function  of  bias  level.  The  measurement 
frequencies  wereO.  I,  I,  10,  100,  and  1000 kHz.  The  lowest  temperatures  are 
theO.I  kHz,the  highest  are  the  1000  kHz.  andthe  other  curves  between  are 
in  order  of  increasing  frequency. 


ments  of  polar  clusters.  The  permittivity  decreased  by  ap¬ 
proximately  an  order  of  magnitude  under  a  bias  level  of  28 
kV/cm  relative  to  0  kV/cm.  At  higher  biases,  the  sample 
probably  has  reached  saturation  with  nearly  all  moments 
aligned,  and  consequently  the  dielectric  response  (SP/SE)  is 
lower.  The  polarization  behavior  for  PMN-  lOPT  has  recent¬ 
ly  been  modeled  by  mcxlifying  Neel’s  equilibrium  equation 
for  superparamagnetic  clusters  to  include  an  eifective  inter¬ 
nal  field. A  more  complete  understanding  of  the  field  de¬ 
pendence  of  the  relaxor  behavior  might  be  obtained  by  a 
careful  analysis  of  the  kinetics  of  the  dielectric  response  and 
its  nonlinear  contribution. 

The  frequency  dependence  of  the  temperature  of  the 
permittivity  maximum  can  be  modeled  using  the  Vogel- 
Fulcher  relationship’-^’-^*  given  in  Eq.  ( 1 ): 

6/  =/„  exp[-— — JL— ]  ( 1 ) 

where/,  is  the  Debye  frequency,  £„  is  the  activation  energy, 
T,„„,  is  the  temperature  of  the  permittivity  maximum,  and 
T)  is  the  freezing  temperature.  The  13  pairs  of  (<u,r„„  )  for 
each  bias  level  below  10  kV/cm  were  analyzed  using  a  Le- 
venberg-Marquardt  nonlinear  fitting  to  Eq.  ( 1 )  solving  for 
fn,E„,  and  Tf.  The  analysis  was  done  assuming  that/,  was 
constant  at  all  bias  levels.  A  value  of  1.03  X  10”  s  ~ '  resulted 
in  minimum  variance.  The  resultant  values  for  £„  and  7)  are 
given  in  Table  I  along  with  the  corresponding  bias  level. 
Figures  3(a)  and  3(b)  show£„  and  as  a  function  ofbias, 
respectively.  £,  went  through  a  maximum  near  3  kV/cm 
and  then  decreased  quadratically  to  zero  near  10  k  V/cm.  Tf 
went  through  a  minimum  near  3  kV/cm  and  then  increased 
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TABLE  I.  Activation  energy  ( E, )  and  freezing  temperature  ( T/ )  tabulated 
along  side  the  corresponding  bias  level. 


Bias  (kV/cm) 

£.(eV) 

T,  (K) 

0.00 

0.0407 

291.50 

1.00 

0.0419 

290.25 

2.00 

0.0426 

289.37 

3.00 

0.0430 

288.79 

4.00 

0.0425 

288.85 

5.00 

0.0395 

290.80 

6.00 

0.0363 

293.51 

7.00 

0.0287 

299.56 

8.00 

0.0217 

306.20 

dramatically  above  10  kV/cm.  The  field  dependence  of  the 
permittivity  was  modeled  with  a  phenomenological  expan¬ 
sion  in  the  electric  field  as  given  in  Eq.  (2); 

X(.E,T)  =To(7^  -f  ••• ,  (2) 

where  x(.T)  is  the  zero-field  permittivity,  ,^2  ( "H  is  the  sec¬ 
ond-order  nonlinearity,  and  ,^'4  ( 7^  is  the  fourth-order  non¬ 
linearity.  The  fitting  of  the  data  is  shown  as  the  solid  lines  in 
Figs.  4(a)-4(d),  and  the  experimental  data  as  the  solid  cir¬ 
cles.  Xi  and  4;'4  as  a  function  of  temperature  at  measurement 
frequencies  of  0.1  and  100  kHz  are  shown  in  Figs.  S(a)  and 
S(b),  respectively.  Both  nonlinear  components  had  anoma¬ 
lous  behavior  near  1 5  ‘C,  which  is  close  to  Tf.  The  second- 
order  nonlinearity  was  positive  (soft)  near  T,,  but  became 
negative  (stiff)  at  higher  and  lower  temperatures.  The 
fourth-order  nonlinearity  was  soft  above  60  ’C  and  became 
stiff  at  lower  temperatures.  Similar  results  were  obtained  at 
the  other  measurement  frequencies,  but  are  not  shown  in 
order  to  make  the  graph  distinguishable.  The  magnitude  of 
both  nonlinear  components  decreased  with  increasing  fre¬ 
quency. 


-2  0  2  4  6  S  10 

(al  BIAS  (kV/cm) 


FIG.  3.  (a)  Acliviiion  energy  (£„ )  as  a  function  of  bias  level,  (b)  Freezing 
temperature  ( 7) )  as  a  function  of  bias  level.  £,  and  Ty  were  calculated  using 
Eq.  (I). 


Mas  IkV/oKl  (d)  BiaSIkv/ml 


FIG.  4.  Permittivity  as  a  function  of  bias  level  at  various  temperatures  for 
niea.surement  frequencies  of  0.1, 1, 10,  100,  and  1000  kHz.  The  solid  points 
are  the  experimental  data,  and  the  solid  line  is  the  curve  fitting  to  Eq.  (2 ). 
The  highest  dielectric  response  is  the  0.1  kHz,  the  lowest  is  the  1000  kHz, 
and  the  other  curves  between  are  in  order  of  increasing  frequency,  (a)-(d) 
are  at  measurement  temperatures  of  0,  1 5,  25,  and  40  *C,  respectively. 

The  strong  decrease  in  £„  indicates  that  a  large  dc  bias 
shuts  down  the  relaxation  mechanism.  The  electric  field  may 
split  the  degeneracy  of  the  eight  equivalent  rhombohedral 
states  and  significantly  change  the  depths  of  the  potential 
wells.  As  a  consequence,  the  polarization  can  no  longer  ro¬ 
tate  between  neighboring  directions  near  this  “pinch-off.” 
The  degeneracy  of  the  variants  is  not  split  in  normal  ferro- 
electrics  because,  before  the  required  field  level  is  reached, 
domain  wall  motion  sets  in.  The  field  dependence  of  £„  for  a 
rotation  of  the  magnetic  moment  of  a  superparamagnetic 
cluster  was  derived  by  Neel. A  similar  expression  in  terms 
of  the  electric  field  for  a  superparaelectric  cluster  is  given  in 
Eq.  (3): 


(a)  TEMPERATURE  (C I 


<b)  TEMPERATURE  (C I 


FIG.  5.  (a)  Second-order  nonlinear  dielectric  response  (i-, )  as  a  function 
of  temperature  where  T,  is  the  freezing  temperature,  (b)  Fourth-order  non¬ 
linear  dielectric  response  (^4 )  as  a  function  of  temperature.  Both  figures 
show  data  for  measurement  frequencies  of  0. 1  and  100  kHz. 
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where  E is  the  applied  field,  and  is  the  anisotropy  field.  Et 
can  be  approximated  as  2£'„  where  is  the 

local  polarization,  and  l^is  the  cluster  volume.  E„  (0)  was 
0.0407  eV,  and  the  cluster  diameter  of  PMN  has  been  report¬ 
ed  to  be  between  2  and  S  nm.’  "  The  mean  cluster  diameter 
can  be  assumed  to  be  the  average  of  these  two  values,  and 
assuming  spherical  regions,  the  volume  can  be  approximated 
as  2.5  X  10  "  ^’cm’.  The  local  polarization  has  been  found  to 
be  approximately  0.25  C/m^,^  and  can  then  be  estimated 
as  22  k V/cm.  The  fluctuation  frequencies  at  40  *C  under  10 
kV/cm  for  the  O',  70“,  110',  and  180*  variants  are  then 
2x10“*,  0.5,  2.5x10’,  and  1.5x10"  Hz,  respectively. 
Some  relaxation  may  be  detected  due  to  rotations  between 
the  1 10'  and  70*  variants  at  measurement  frequencies  above 
100  kHz,  but  the  population  of  these  states  is  relatively 
small.  The  average  relaxation  time  under  10  kV/cm,  then,  is 
so  long  compared  to  the  half-cycle  of  the  measurement  that 
the  system  is  essentially  kinetically  frozen.  This  model  can 
qualitatively  describe  the  shut  down  of  the  relaxation  mech¬ 
anism,  but  it  predicts  that  £„  should  decrease  significantly  at 
low  bias  levels.  The  measured  £„  actually  increased  until  a 
threshold  bias. 

To  more  accurately  describe  the  field  dependence  of  E^ , 
the  effect  of  cluster  interactions  needs  to  be  included.  Inter¬ 
actions  have  recently  been  accounted  for  by  including  an 
internal  field.^"  The  internal  field  was  treated  as  a  macro¬ 
scopic  average,  but  there  will  also  be  local  dipole  fields 
between  cluster  moments  in  the  unelectrified  state  which  are 
probably  randomly  orientated  as  evidenced  by  a  lack  of  mac¬ 
roscopic  polarization  and  anisotropy.  One  of  the  effects  of  a 
local  field  will  be  to  change  the  depths  of  the  potential  wells 
and  to  make  them  dependent  on  the  configurations  of  neigh¬ 
boring  clusters.  A  possible  explanation  of  the  maximum  in 
E„  at  3  kV/cm  then  is  that  the  sample  becomes  internally 
biased  by  finding  locally  preferred  configurations  of  mo¬ 
ments.  Under  a  small  electric  field,  then,  a  threshold  is 
reached  where  on  the  global  average  the  difference  between 
the  potential  minima  is  smallest.  Assuming  that  the  IcKal 
internal  biases  have  a  net  direction  along  one  of  the  rhombo- 
hedral  orientations  the  O',  70°,  1 10',  and  180'  variants  are 
lowered  by  A£„,  A£„  cos  70,  A£„  cos  1 10,  and  —  A£„,  re¬ 
spectively.  The  average  relaxation  time  ( r,,,. )  can  be  ap¬ 
proximated  by  a  statistical  average  over  the  entire  set  of  re¬ 
laxation  times  if  the  splitting  of  the  degeneracy  is  much 
smaller  than  £„ .  An  approximation  for  r  is  given  in  Eq- 
(4): 


’’a,,- 


exp(£.±M^) 

3  tos70'\j 

V  k{T^.-TA  J\ 


(4) 


where  £„  is  the  activation  energy  under  3  kV/cm,  at  which 
point  £„  was  maximum  and  presumably  the  energy  differ¬ 
ence  between  the  variants  smallest.  Equation  (4)  was  mod¬ 
eled  using  a  nonlinear  analysis  program  solving  for  A£., 


which  yielded  a  value  of  0.005  eV.  The  analysis  was  done 
simultaneously  for  all  measured  frequencies  under  zero  bias 
in  order  to  obtain  the  best  estimate. 

The  decrease  in  Tf  and  the  softening  of  the  dielectric 
response  can  be  understood  in  terms  of  an  enhanced  fluctu¬ 
ation  kinetics  under  small  biases.  The  magnitude  of  Xi  and 
AT)  were  small,  which  is  undoubtedly  a  reflection  of  the 
small  value  of  A£, .  An  approximation  for  an  internal  bias  in 
the  unelectrified  state  can  be  obtained  by  setting  A£„  equal 
to  an  electrical  energy  as  given  in  Eq.  ( 5 ) : 

\E„P^,,V=i,E„  (5) 

where  £„  is  an  internal  bias.  £*,  is  not  the  mean  value  of  the 
random  dipole  field,  but  rather  reflects  the  dependence  of  £„ 
on  the  configurations  of  neighboring  moments.  V  and 
were  approximated  above  as  2.5x10  •"  cm’  and  0.25 
C/m%  respectively.  £„  can  then  be  estimated  as  2.5  kV/cm, 
which  is  nearly  equal  to  the  field  level  at  which  was  maxi¬ 
mum  and  Tj  minimum.  This  indicates  that  the  maximum 
softening  of  the  dielectric  response  and  minimum  T/  may 
occur  at  a  threshold  field  which  overrides  the  local  configu¬ 
rations.  The  local  dipole  fields  may  tend  to  locally  align  the 
cluster  moments,  consequently  slowing  down  the  fluctu¬ 
ations.  If  the  scale  of  the  local  configurations  is  small,  the 
preferred  alignment  will  average  out  over  a  macroscopic 
scale,  but  the  effect  on  the  fluctuation  kinetics  will  not.  A 
small  applied  bias  adjusts  the  potential  wells  and  on  a  global 
average  decreases  A£„;  consequently,  the  fluctuation  kinet¬ 
ics  are  enhanced.  The  maximum  softening  and  minimum  T, 
then  occurs  when  the  potential  variants  are  closest  to  being 
equivalent. 

A  potential-well  model  which  describes  the  field  depen¬ 
dence  of  the  equivalent  variants  is  shown  in  Figs.  6(a)-6(c). 
Figure  6(a)  represents  the  unbiased  state  and  illustrates  that 
the  degeneracy  of  the  equivalent  variants  is  inherently  split. 
The  splitting  energy  is  shown  as  A£.  Figure  6(b)  represents 
the  average  potential  well  under  3  kV/cm.  This  figure  shows 
that  the  variants  are  essentially  all  of  the  same  depth.  At  this 
point  the  moment  can  most  readily  access  <,11  variants.  Fig¬ 
ure  6(c)  shows  the  average  potential  well  near  “pinch-off" 
where  the  relaxation  mechanism  has  essentially  been  shut 
down.  This  figure  shows  that  the  variant  antiparallel  to  the 
field  has  been  raised  by  nearly  £„  and  the  variant  parallel  to 
the  field  lowered  by  £„ . 

The  glassy  nature  of  relaxors  in  the  unelectrified  state 
probably  arises  due  to  the  random  dipole  fields  between  clus¬ 
ter  moments.  If  the  dispersion  in  the  local  dipole  field  is  of 
the  same  order  as  the  mean  local  field,  then  the  macroscopic 
system  may  try  to  partially  order  the  cluster  moments.  If  the 
mean  local  field  cannot  override  the  inhomogeneity,  a  global 
equilibrium  cannot  be  established.  Vugeineister  and  Glin- 
chuk  ”  have  proposed  a  dipole  interaction  theory  for  strong¬ 
ly  polarizable  solids  with  soft  phonon  modes.  The  prediction 
of  this  theory  is  that  if  A^r'  >  1,  then  the  dipoles  will  favor  a 
ferroelectric  ordering,  and  if  A'r’  ^  1,  then  the  dipoles  will 
freeze  randomly,  where  N  is  the  dipole  density  and  r,  is  the 
correlation  radius.  N  can  be  approximated  as  V^/V,  where 
Vf  is  the  volume  fraction  of  the  polar  clusters.  Vf  is  not 
known  precisely,  but  will  be  roughly  estimated  here  as )  from 
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FIG.  6.  Diagram  illustrating  the  proposed  potential-well  model  which  de¬ 
scribes  the  field  dependence  of  the  dielectric  response.  is  the  activation 
CTergy,  is  the  inherent  zero  field  splitting  of  the  equivalent  variants,  and 
E„  is  the  activation  energy,  at  which  point  the  energy  difference  between  the 
variants  is  smallest,  (a)-(c)  are  for  dc  bias  levels  ofO,  3,  and  10  kV/cm. 


TEM  micrographs.^ "  The  correlation  length  has  been  found 
to  saturate  near  freezing  at  200  A,  '■  and  the  correlation  radi¬ 
us  may  be  approximated  as  100  A.  Nrl  can  then  be  estimated 
for  PMN  as  10.  This  indicates  that  relaxors  are  not  ideal 
dipole  glasses,  but  have  some  tendency  towards  ferroelectric 
ordering  of  the  cluster  moments.  This  ordering  obviously 
does  not  go  to  completion;  the  macroscopic  system  may  in¬ 
stead  establish  preferred  configurations  of  orientations  of 
cluster  moments.  Below  the  macroscopic  system  is  stuck 
in  these  configurations  and  cannot  establish  a  normal  polar 
state.  The  implication  is  that  relaxors  freeze  into  configura¬ 
tions  which  have  a  texture  on  the  nanometer  scale  and  that 
this  texture  is  the  “precursor"  to  long-range  polar  order  of  a 
macrodomain  state.  The  scale  of  these  configurations  below 
Tf  can  be  assumed  to  be  approximately  the  same  as  the  maxi¬ 
mum  correlation  length.  This  scale  is  such  that  on  a  global 
average  the  preferred  alignment  averages  out,  and  no  macro¬ 
scopic  polarization  or  anisotropy  is  observed. 

Locally  preferred  configurations  could  arise  by  the  mac¬ 
roscopic  system  balancing  the  configurations  of  nearest  and 
next-nearest  cluster  moments.  The  local  effect  may  be  that 
the  potential  minima  of  the  variants  are  split  by  dipole-di- 
pole  interactions  in  such  a  manner  that  on  a  global  average 
the  0*  variant  is  lower  for  nearest-neighbor  configurations 
and  the  70“ or  1 80'  variant  is  lower  for  next-nearest-neighbor 
configurations.  The  macroscopic  system  may  minimize  its 
frustration  by  partially  satisfying  the  drive  for  an  ordering  of 
the  moments.  It  is  generally  believed  that  spin-glass  behavior 
is  a  reflection  of  competing  interactions  which  lead  to  freez¬ 


ing.  The  implication  is  that  the  freezing  in  relaxors  may  oc¬ 
cur  when  the  correlation  length  reaches  a  value  where  polar 
clusters  have  multiple  neighbors  which  are  mutually  polar¬ 
izing.  Other  nanoscale  interactions  could  lead  to  freezing  in 
relaxors,  and  in  fact  recent  results  indicate  that  the  freezing 
in  PLZT  could  be  due  in  part  to  strain  fields. 

The  results  suggest  that  there  may  be  a  hierarchy  of 
relaxation  processes  associated  with  a  complex  phase  space 
having  many  local  energy  minima  associated  with  different 
configurations  of  moment  orientations.  The  splitting  of  the 
degeneracy  of  the  equivalent  variants  can  serve  as  a  driving 
force  for  a  subsequent  search  for  an  optimum  configuration 
suppressing  the  fluctuation  kinetics.  The  cluster  moments 
may  then  be  able  to  relax  below  Tf  when  the  moments  of 
neighboring  polar  clusters  are  in  certain  improbable  configu¬ 
rations.  The  implication  is  that  the  relaxational  process  is 
not  truly  stochastic  in  that  the  “random  walk”  has  favored 
local  minima  which  drives  the  relaxation.  The  measured  val¬ 
ue  of  A£„  should  be  slightly  different  for  measurements 
made  on  heating  as  compared  to  cooling,  and  in  fact  the 
dielectric  response  has  been  found  to  be  different.'”  At  the 
.start  of  a  cooling  run,  the  moments  may  be  thermally  rando¬ 
mized,  destroying  the  local  configurations,  whereas  on  a 
heating  run  the  initial  state  is  not  disturbed.  The  low-field 
aging  of  the  dielectric  permittivity  in  PMN^^  can  aiso  be 
interpreted  using  this  model.  The  aging  occurs  over  long 
time  periods  near  the  maximum  in  the  permittivity.  The  re¬ 
laxation  time  of  the  aging  process  is  much  longer  than  that  of 
the  polarization  fluctuations  at  this  temperature,  indicating 
that  there  is  a  hierarchy  of  mechanisms.  Defects  may  be  able 
lo  significantly  change  the  optimum  configuration,  and  con¬ 
sequently  the  permittivity  decreases  with  time  because  the 
kinetics  of  the  fluctuations  are  suppressed  as  more  favorable 
configurations  are  found. 

At  biases  above  3  kV/cm,  the  dielectric  response  be¬ 
came  stiff,  which  indicates  that  the  fluctuations  are  slowed 
down  by  large  electric  fields.  The  maximum  nonlinearites 
occurred  near  7),  which  is  close  to  the  temperature  where 
the  remanent  polarization  collapsed.^  It  is  perhaps  logical  to 
anticipate  the  nonlinear  response  to  be  optimal  at  this  point 
because  an  electric  field  can  most  effectively  repopulate  the 
orientations  of  the  moments  in  its  direction.  Consequently, 
the  randomness  of  the  dipole  fields  between  cluster  moments 
would  be  unstable  to  an  ordering  field  which  would  effective¬ 
ly  give  a  nonlinear  feedback  to  the  dielectric  response.  At 
bias  levels  above  pinch-off.  Tj  and  increased  rapidly, 
approximately  80  °C  between  10  and  28  kV/cm,  and  seemed 
to  be  saturating  at  the  highest  bias  levels.  The  correlation 
length  is  known  to  be  field  dependent.'^  As  the  correlation 
length  increases,  the  effective  cluster  volume  increases,  and 
consequently  the  interactions  between  polar  clusters  are 
longer  range  and  the  kinetics  of  the  fluctuations  are  slower. 
At  bias  levels  above  the  point  where  the  fluctuations  have 
condensed,  the  electrification  may  override  the  chemical  in¬ 
homogeneity  which  normaly  prevented  long-range  polar  or¬ 
dering.  then  approaches  the  value  of  the  homogeneous 
state.  Near  saturation,  the  correlation  length  may  reach  the 
macroscopic  scale,  and  saturates.  The  glassy  character 
of  relaxors  is  then  destroyed  by  a  large  applied  electric  field 
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which  orders  the  local  dipole  fields  and  establishes  a  global 
equilibrium. 


V.  CONCLUSION 

Evidence  for  local  configurations  of  the  moments  of  po¬ 
lar  clusters  in  PMN  relaxors  was  found.  A  small  applied 
field  is  believed  to  override  these  configurations,  enhancing 
the  kinetics  of  the  polarization  fluctuations.  Large  biases  are 
believed  to  order  the  local  dipole  fields  between  cluster  mo¬ 
ments,  destroying  the  dipole-glass  character  of  relaxors. 
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THE  DIELECTRIC  RELAXATION  OF  LEAD  MAGNESIUM 
NIOBATE  RELAXOR  FERROELECTRICS 
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The  dielectric  spectroscopy  of  lead  magnesium  niobate  relaxor  ferroelectrics 
has  been  investigated  over  the  frequency  range  of  10^  to  10^  Hz.  The  imaginary 
component  was  found  to  become  nearly  frequency  independent  below  a  freezing 
temperature,  and  scaled  to  a  phenomenological  equation  involving  the  Vogel- 
Fulcher  relationship.  The  absorption  and  Cole-Cole  plots  were  found  to  become 
very  broad  near  this  freezing  temperature.  The  relaxation  time  distribution  was 
subsequently  calculated  by  analogy  to  spin  and  dipolar  glasses.  A  strong 
broadening  of  the  distribution  was  found  in  the  vicinity  of  the  freezing  temperature. 
It  is  proposed  that  this  deviation  from  Debye  behavior  is  a  result  of  the  development 
of  correlations  between  polar  moments  leading  to  the  onset  of  nonergodicity  near 
freezing. 


I.  INTRODUCTION 


Lead  magnesium  niobate  (PMN)  is  a  relaxor  ferroelectric.  In  the  zero  field 
cooled  (ZFC)  state  relaxors  are  characterized  by  a  relaxadonal  process  typical  of  a 
classic  dielectric  relaxator,  and  by  the  lack  of  macroscopic  polarization  and 
anisotropy.  Bums  (Bums  and  Dacol  1983)  (Bums  and  Dacol  1986)  has  shown  that 
a  local  polarization  exists  in  the  ZFC  state  to  temperatures  much  higher  than  that  at 
which  a  remanent  polarization  can  be  sustained.  In  the  field  cooled  (FC)  state 
relaxation  is  not  observed  (Viehland,  Jang,  Wuttig,  and  Cross  1990b),  and  the 
system  is  able  to  sustain  a  macroscopic  polarization  below  a  "critical"  temperature 
which  is  significantly  lower  than  the  radio  frequency  permittivity  maxima. 
Smolenskii  (Smolensk!  and  Agranovskya  1960)  originally  proposed  that  underlying 
the  relaxor  behavior  is  a  chemical  inhomogeneity  on  the  B-site  cation,  leading  to  a 
spatially  varying  composition  with  local  Curie  temperatures.  Randall  (Randall  and 
Bhalla  1990)  and  Chen  (Chen,  Chan,  and  Harmer  1989)  have  recently  shown  that 
in  PMN  there  is  a  pardoning  on  the  nanometer  scale  into  chemically  homogeneous 
clusters.  It  is  currently  believed  that  it  is  the  scale  of  this  process  which  underlies 
the  relaxor  behavior.  Cross  has  suggested  that  local  ferroelectric  phase  transidons 
may  occur  inside  of  these  individual  chemical  regions  (Cross  1987).  The  size  of 
these  moments  is  such  that  their  orientadons  may  be  thermally  agitated,  analogous 
to  superparamagnedsm  (Neel  1949). 

Schmidt  (Kersten,  Rost,  and  Schmidt  1983)  has  shown  that  the  dielectric 
relaxadon  is  Debye-like  at  temperatures  significandy  above  the  temperature  of  the 
permitdvity  maximum  (Tmax)-  Yushin  (Yushin,  Smirnova,  Dorogortsev,  Smirnov, 
Gylamov  1987)  has  recendy  found  a  broadening  of  the  relaxadon  dme  distribution 
near  Tmax*  unlike  a  Debye  process.  Kirolov  (Kirolov  and  Isupov  1973)  has 
analyzed  the  frequency  dispersion  of  Tmax  with  the  Debye  relationship;  obtaining 
an  activation  energy  and  pre-exponential  factor  of  7  eV  and  10^®  sec'^. 
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respectively.  Cross  has  recently  analyzed  the  frequency  dispersion  of  Tmax  ^th 
the  Vogel-Fulcher  relationship  (Viehland,  Jang,  Wuttig  and  Cross  1990a), 
analogous  to  spin  glasses  (Tholence  1979)  (Tholence  1980);  obtaining  an  activation 
energy  and  pre-exponential  factor  of  0.04  eV  and  10^2  sec'^,  respectively.  He 
found  that  the  freezing  temperature  <Tf)  coincided  with  the  temperature  at  which  a 
stable  remanent  polarization  can  be  sustained.  A  dipole  glass  model  for  lelaxors 
was  subsequently  proposed  (Viehland,  Jang,  Li,  Wuttig,  and  Cross),  with  local 
dipole  fields  between  superparaelectric  mon^nts  leading  to  the  development  of  a 
fhistration  below  the  freezing  temperature. 

The  magnetic  and  dielectric  relaxations  of  spin  and  dipolar  glasses  are 
believed  to  undergo  freezing,  due  to  frustrated  interactions  (Kirkpatrick  and 
Sherrington  1978)  (Edwards  and  Anderson  1975)  and  random  fields  (Nozav, 
Sechovsky,  Kambersky  1987)  (Morgownik  and  Mydish  1981).  The  magnetic 
absorption  and  Argrand  plots  are  known  to  become  broad  near  Tf  (Huser,  Wenger, 
vanDuyneveldt,  and  Mydosh  1983).  It  is  believed  that  on  cooling  through  Tf,  the 
relaxation  time  distribution  strongly  broadens  extending  from  microscopic  to 
macroscopic  dme  periods.  The  broadening  is  believed  to  be  due  to  the  onset  of 
nonergodicity  above  the  freezing  temperature.  It  is  the  purpose  of  this  work  to 
investigate  the  dielectric  dispersion  of  PMN  around  the  freezing  temperature,  and 
compare  the  results  to  spin  and  dipolar  glasses. 

II.  EXPERIMENTAL  PROCEDURE 

The  samples  used  in  the  study  were  PMN  single  crystals.  The  crystals  were 
grown  by  a  flux  method  as  described  by  Setter  (Sener  1980).  They  were  orientated 
along  the  (100)  direction,  were  of  dimensions  0.2cm  x  0.1cm  x  0.08cm,  and  were 
electroded  with  gold. 

The  dielectric  constant  was  measured  as  a  function  of  frequency  (co)  between 
450  and  150  OK  at  a  cooling  rate  of  40C/min.  The  frequencies  used  were  lO^,  lO^, 
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10^,  10^,  10^,  and  10^  Hz.  The  measurements  were  made  using  HP427SA  and 
4274A  LCR  meters.  The  dielectric  curve  for  each  frequency  was  smoothed  and 
interpolated  to  determine  the  temperature  of  the  permittivity  maximum  (Tmay)  as 
accurately  as  possible.  The  remanent  polarization  was  also  measured  for 
comparison  using  a  standard  pyroelectric  technique. 

HI.  RESULTS  AND  DISCUSSION 

The  complex  susceptibility,  X=Z''tZ".  «  shown  in  Figures  1(a)  and  (b)  for 
various  measurement  frequencies.  The  real  component  (x')  had  a  maximum  of 
approximately  22000  at  260^K  for  a  measurement  frequency  of  100  Hz,  and  the 
imaginary  part  (x")  had  a  maximum  of  approximately  1200  at  250OK.  It  should  be 
noted  that  the  inflection  point  of  x"  corresponds  in  temperature  to  the  maximum  x'- 
The  quantity  X "  essentially  frequency  independent  below  230OK,  indicative  of 
a  freezing  into  a  glassy  state.  The  value  of  x"  semingly  extrapolated  to  zero  near 
O^K,  unlike  the  metallic  spin  glasses  (Mulder,  vanDuneveldt  1982)  whose 
absorption  extrapolates  to  approximately  60%  of  its  maximum.  At  lower 
temperatures  the  dispersion  of  x'  was  significantly  less,  but  was  observed  at  much 
lower  temperatures  than  for  x"- 

The  strong  decrease  in  the  frequency  dispersion  of  x”  below  23(PK  suggests 
that  the  data  can  be  scaled  by  approximating  x"(T,o))  as  h(T)R(u)  following 
Counens  (Courtens  1984);  where  h(T)  and  R(u)  describe  the  frozen  and  dynamic 
contributions  respectively,  and  u(a),T)  is  a  scaling  variable.  The  function  R(u)  is 
given  by  equation  1; 

R(u|  =  ~(l +tanh(u))  (1) 

where,  u  =  d(Ec-E) 

where  d  is  a  constant  in  units  of  ®K'^,  and  Ec  is  a  cutoff  energy  in  units  of  ®K.  The 
value  of  E  can  be  approximated  by  the  Vogel-Fulcher  relationship  x=toe^n'-^Tf) 


(Vogel  1921)  (Fulcher  1924),  where  \ho  is  the  Debye  firequency  and  Tf  a  freezing 
temperature.  At  lower  temperatures  R(u)  is  tq)ptoximately  1,  and  x"(T,o>)3:h(T).  At 
higher  temperatures  R(u)  decreases  ^)pfx)aching  zero,  consequently  X"Cr,<D)sO.  At 
intermediate  temperatures,  R(u)  varies  as  a  function  (A  frequency  (cobI/c),  as  given 
by  the  Vogel-Fulcher  relationship.  The  functional  dependence  of  h(T)  was 
empirically  determined  from  low  temperatures  (T<2309K)  by  an  exponential  fitting. 
ciexp(c2T).  The  modelling  was  done  using  a  Levenberg-Maiquardt  fitting  solving 
for  d,  Ec.  and  Tf.  The  values  of  ci  and  C2  were  held  constant  during  the  fitting,  and 
To  was  assumed  to  be  1x10' 12  sec  as  previously  reported  (Viehland,  Jang.  Wuttig. 
and  Cross  1990a).  Minimum  variance  (~2%)  was  obtained  for  d.  Ec.  and  Tf  equal 
to  5.08x10*3.  886.20K.  and  220.33°K  respectively.  The  phenomenological  model 
is  shown  alrxig  side  the  experimental  data  in  Figure  2(a).  Reasonable  agreement  can 
be  seen.  The  function  R(u)  is  shown  in  Figure  2(b)  for  various  measurement 
frequencies.  The  data  scales  quite  readily  to  (Ec*E)  over  a  wide  range  of 
frequencies. 

The  value  of  Tf  was  also  estimated  by  modelling  the  dispersion  of  Tmax  with 

the  Vogel-Fulcher  relationship  for  comparison.  A  minimum  variance  was  obtained 
for  1/To  equal  to  10^2  sec‘1  and  Tf  equal  to  217.70K,  which  is  in  close  agreement 

with  Tf  as  detennined  from  the  modelling  of  x"  using  equation  1 .  The  fitting  of  the 
data  is  shown  in  Figure  3(a).  Analysis  with  the  Arrhenius  relationship  yielded  an 
activation  energy  and  a  pre-exponential  factor  of  7  eV  and  10^  sec- 1.  respectively. 
Both  of  which  are  physically  unreasonable  for  a  thermally  activated  process.  The 
remanent  polarization  (Pr)  as  a  function  of  temperature  is  shown  in  Figure  3(b). 
The  extrapolation  of  Pr  to  zero  yielded  a  remperature  between  215  and  22()OK. 
which  is  close  to  Tf.  This  shows  that  on  zero  field  heating  from  the  field  cooled 
state,  the  macroscopic  polarization  collapses  near  the  Vogel-Fulcher  freezing 
temperature.  The  implication  is  that  the  "thawing"  temperanire  of  the  field  cooled 


state  and  freezing  temperature  of  the  zero  field  cooled  state  coincide,  reflecting  the 
kinedcs  of  the  polarization  reversals.  The  static  polarization  of  PMN-IOPT  has 
recently  been  determined  from  Sawyer-Tower  measurements  and  shown  to  scale  to 
hyperbolic  functions  involving  a  reduced  temperamre  somewhat  similar  to  equation 
1  (Viehland,  Jang,  Li,  Wuttig,  and  Cross  1990). 

The  Vogel-Fulcher  scaling  of  x"  has  been  interpreted  to  mean  that  freezing 
does  not  occur  by  cluster  growth,  but  rather  by  the  freezing  of  local  modes 
(Courtens  1984).  The  scaling  in  RADP  is  believed  to  be  due  to  a  competition 
between  antiferroelectric  and  ferroelectric  exchanges  on  the  atotiuc  level  (Courtens 
1984)  (Courtens,  Rosenbaum,  Nagler,  and  Horn  1984).  This  is  further 
substantiated  by  the  saturation  of  the  correlation  length  at  12  near  Tf  (Courtens, 
Rosenbaum,  Nagler,  and  Horn  1984).  The  Vogel-Fulcher  scaling  of  x"  in  PMN 
may  have  its  origins  in  the  phase  separated  superparaelectric  regions.  Chemically 
homogeneous  regions  on  the  scale  of  approximately  50  have  been  observed  by 
TEM  (Randall  and  Bhalla  1990)  (Chen,  Chan,  and  Harmer  1989).  The  local 
polarization  may  be  homogeneous  within  each  region  and  of  predetermined  size. 
Dipole  fields  between  superparaelectric  moments  may  subsequently  lead  to  a 
freezing  of  the  polarization  fluctuations  into  a  glassy  state  at  lower  temperatures. 
This  is  further  substantiated  by  the  saturation  of  the  correlation  length  in  PMN 
crystals  at  200  A^  near  the  Vogel-Fulcher  freezing  temperature  (Viehland,  Jang,  Li, 
Wuttig,  and  Cross  1990)  (Vakhrushev,  Kvyatkovsky,  Naberezhov,  Okuneva, 
Topervers  1989). 

The  absorption,  x”.  over  a  wide  range  of  frequency  at  various  temperatures 
around  Tf  is  shown  in  Figure  4.  The  width  of  the  x"  curves  exceeds  that  which  can 
be  attributed  to  a  single  relaxation  time,  and  strongly  suggest  a  wide  distribution. 
The  absorption  width  increases  as  the  temperature  decreases  approaching  Tf,  and 
becomes  essentially  flat  below  Tf  with  all  curves  remaining  parallel.  The  implication 


is  that  dramatic  changes  occur  in  the  relaxation  time  distribution  on  cooling  through 
Tf.  This  change  cannot  be  attributed  to  a  normal  Debye  like  relaxational  process, 
because  tmax  does  not  shift  steadily  down  in  frequency.  Kersten  (Kersten,  Rost, 
and  Schmidt  1983)  has  previously  analyzed  the  temperature  dependence  of  Xmax 
with  the  Debye  relationship  obtaining  an  activation  energy  and  pre-exponential 
factor  of  approximately  O.S  eV  and  10* respectively.  His  modelling  was 
done  at  temperatures  significantly  above  the  permittivity  maximum,  where  the 
absorption  has  distinct  peaks  as  shown  in  Figure  4.  In  this  temperature  range  the 
local  polarization  fluctuates  at  relatively  rapid  frequencies,  i.e.  the  superparaelectric 
moments  are  nearly  decoupled.  The  shift  of  Xmax  can  then  be  modelled  by  the 
Debye  relationship  over  a  limited  temperature  interval.  But  as  strong  correlations 
develop  between  neighboring  moments  on  cooling,  the  relaxation  deviates 
significantly  from  Debye  behavior  as  reflected  in  a  strong  temperature  dependance 
of  the  activation  energy  and  pre-exponential  factor  (Kirollov  and  Isupov  1973). 
Cole-Cole  plots  are  shown  in  Figure  5  around  Tf,  to  further  illustrate  the  broadness 
of  the  relaxation  time  distribution.  Near  Tf  the  plot  is  flat,  on  increasing  temperature 
curvature  can  be  seen,  and  near  the  temperature  of  the  radio  frequency  permittivity 
maxima  semicircles  are  observed.  The  flattening  of  the  Cole-Cole  curves  near  the 
Vogel-Fulcher  freezing  temperature  suggests  as  well  that  the  relaxation  time 
distribution  is  becoming  very  broad  with  the  tail  of  the  distribution  extending  in  the 
macroscopic  time  regime. 

The  dielectric  and  magnetic  responses  of  dipolar  and  spin  glasses  can  be 
represented  by  a  summation  over  a  distribution  of  relaxators  (Counens  1984) 
(Lundgien,  Svelinch,  and  Beckman  1981),  as  given  in  equation  2; 
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where  G(t,T)  is  the  distribution  of  relaxation  times,  Xo  CT)  the  low  frequency  limit 
of  X  (T,(o),  and  (D=f  ^ .  Assuming  G(x,T)  is  very  broad  in  ln(x),  x"  can  be 
approximated  from  equation  2  as  given  in  equation  3  . 

X"(T,t)-x’oCr)G(x.T)  (3) 

Following  such  a  procedure  causality  predicts  that  x"~5x /51n(Q>)  (Lundgren, 
Svelinch,  and  Beckman  1981),  which  is  illustrated  in  Figure  1(c).  The  agreement 
with  the  data  in  Figure  1(b)  is  quite  good. 

Isothermal  cross  sections  of  G(x,  Tq)  as  a  function  of  x  for  PMN  are  shown 

in  Figure  6(a)  at  T=Tf.  T>Tf,  T=Ttnax.  and  T>Tinax  respectively.  The  value  of 
Xo’CT)  was  assumed  to  be  the  100  Hz  x’(T)*  Dashed  lines  are  drawn  in  to 
represent  what  the  distribution  most  probably  looks  like  over  the  whole  frequency 
range.  The  drawing  of  these  lines  was  guided  by  the  fact  that  G(x,To)=0  near 
XDebye>  and  that  at  higher  temperatures  the  distribution  will  be  Gaussian.  Near  Tf 
the  distribution  was  found  to  be  esentially  flat  between  10'^  and  lO*^  sec,  tailing  to 
zero  near  10'^^.  With  increasing  temperature  the  distribution  sharpened, 
developing  a  distinct  Xmax  near  the  temperature  of  the  radio  fiequency  permittivity 
maximum.  At  higher  temperatures  Xmax  was  found  to  shift  to  higher  frequencies, 
analogous  to  a  Debye  type  relaxation,  but  the  width  and  shape  of  the  distribution 
continued  to  change  with  increasing  temperamre.  Isotemporal  cross  sections, 
G(Xo,T),  are  shown  in  Figure  6(b)  at  various  measurement  frequencies.  A  sharp 
step  in  G(Xo,T)  was  found  near  Tmax  and  shifted  to  higher  temperatures  with 
increasing  frequency.  Below  Tf,  G(Xo,T)  decreased  slowly  with  decreasing 
temperature.  The  magnitude  of  G(Xo,T)  also  increased  with  frequency,  over  the 


range  investigated.  The  isotemporal  cross  sections  are  essentially  the  dielectric  loss 
factor.  A  previously  proposed  relaxation  time  distribution  as  a  function  of 
temperature  is  illustrated  in  Figure  7  (Viehland,  Jang,  Wutdg,  and  Cross  1990a).  It 
can  be  seen  that  this  model  is  supported  by  the  experimental  data.  The  isothermal 
width  of  the  spectrum  is  shown  to  become  very  broad  near  Tf,  approaching  the 
macroscopic  time  regime.  The  shortest  relaxation  time  (tmin)  is  shown  to  approach 
macroscopic  times  only  at  temperatures  far  below  Tf.  Above  Tf  the  isothermal 
width  of  the  relaxation  time  spectrum  continuously  sharpens  as  the  temperature  is 
increased  with  tave  and  tmin  approaching  the  microscopic  time  regime. 

The  dielectric  spectroscopy  results  can  be  understood  in  terms  of  the 
interacting  superparaelectric  dipole  glass  model,  discussed  above.  At  high 
temperatures  the  moments  are  decoupled  exhibiting  typical  Debye  type  behavior, 
but  on  cooling  local  dipole  fields  couple  the  polarization  fluctuations  and  tmax 
varies  in  a  nonlinear  manner  parameterizable  by  the  Vogel-Fulcher  relationship.  It  is 
proposed  that  as  a  consequence  of  increasing  correlations,  the  relaxation  time 
distribution  broadens  and  flanens  out  with  decreasing  temperature  reflecting  the 
onset  of  nonergodicity.  Near  a  critical  temperature  the  distribution  becomes 
extremely  broad,  as  the  polarization  fluctuations  undergo  Vogel-Fulcher  freezing 
into  a  dipole  glass  state.  Consequently,  the  system  can  sustain  a  remanent 
polarization  below  this  temperature.  The  relaxation  time  distribution  remains 
relatively  wide  above  Tf,  in  effect  leading  to  a  diffuse  phase  transformation.  The 
diffuse  nature  of  the  transformation  is  thus  not  a  reflection  of  compositional 
heterogeneity  as  originally  proposed  by  Smolenski  (Smolensk!  and  Agranovskya 
1960);  but  rather  a  consequence  of  a  size  dispersions  of  polar  moments,  and  the 
development  of  correlations. 
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IV.  CONCLUSIONS 

The  dielectric  relaxation  of  PMN  single  crystals  has  been  investigated,  and 
shown  to  be  similar  to  spin  and  dipole  glasses.  The  absorption  was  found  to  be 
neariy  frequency  independent  below  a  freezing  temperature  which  correlated  with 
the  temperature  at  which  a  stable  remanent  polarization  collapsed  on  heating  from 
the  field  cooled  state.  The  absorption  spectra  and  Cole-Cole  plots  were  found  to 
become  very  broad  near  this  freezing  temperature.  The  relaxation  time  distribution 
has  also  been  calculated  and  shown  to  strongly  broaden  near  freezing,  extending 
from  the  microscopic  to  macroscopic  tune  regimes. 
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LIST  OF  nCURES 

Figure  1.  (a)  The  dielectric  permittivity  (x*)  of  PMN  as  a  function  ot  temperature 
for  measurement  frequencies  of  10^,  1(P,  10^,  lO^,  10^,  and  10^  Hz.  The  top 
curve  is  the  lowest  frequency  and  the  bottom  the  highest,  (b)  The  imaginary  part  of 
the  dielectric  response  (x")  as  a  function  of  temperature  for  measurement 
frequencies  of  10^,  lO^,  104,  105,  lo6^  and  10^  Hz.  The  bottom  curve  is  the 
lowest  frequency  and  the  top  the  highest,  (c)  Ax'/Alog(oi))  as  a  function  of 
temperature. 

Figure  2.  The  points  are  the  imaginary  contribution  of  the  dielectric  response  (x") 
as  a  function  of  temperature  for  measuren»nt  ^quencies  of  lO^,  lO^,  104,  iqS^ 
10^,  and  10^  Hz.  The  bottom  curve  is  the  lowest  frequency  and  the  top  the  highest, 
and  where  Tf  is  the  freezing  temperature.  The  solid  line  is  a  phenomenological 
fitting  to  equation  1.  (b)  The  scaling  parameter  (R(u))  as  a  function  of  the  scaling 
variable  (u)  for  various  measurement  freqirencies. 

Figure  3.  (a)  The  temperature  of  the  permittivity  maximum  as  a  function  of  the 
measurement  frequency.  The  dots  are  the  data  and  the  solid  line  is  die  fitdng  to  the 
Vogel-Fulcher  relationship,  (b)  The  remanent  polarization  as  a  function  of 
temperature. 

Figure  4.  The  dielectric  absorption  (x")  as  a  function  of  frequency  at  various 
temperatures. 

Figure  5.  Cole-G)le  plots  at  various  temperatures  around  freezing. 

Figure  6.  (a)  The  relaxation  time  distribution  (G(t,To))  as  a  function  of  x  at 

various  temperatures,  (a)  T=Tf,  (b)  T>Tf,  (c)  T=Tniax.  and  (d)  T^Tmax-  (b)  The 
relaxation  time  'listribution  (G(Xo,T))  as  a  function  of  temperature  at  various 

measurement  frequencies.  The  measurement  frequencies  shown  are  lO^,  10^,  10^, 
105,  lOb,  and  10^  Hz.  The  bottom  curve  is  the  lowest  frequency,  and  the  top  curve 
the  highest. 


Figure  7.  Diagram  illustrated  the  proposed  temperature  dependent  relaxaticm  time 
spectrum.  Where  G(t,T)  is  the  number  of  polar  regions  having  a  relaxation  time  t. 
Tf  is  the  freezing  temperature,  and  is  the  Debye  frequency. 
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THE  GLASSY  POLARIZATION  BEHAVIOR  OF 
RELAXOR  FERROELECTRICS 

Dwight  Viehland,  J.F.  Li,  S.  Jang,  and  L.E.  Cross 
Materials  Research  Laboratory,  The  Pennsylvania  State  University 
State  College,  Pa.  16802 
Manfred  Wuttig 

Department  of  Nuclear  and  Materials  Engineering,  University  of  Maryland 

College  Park,  Md.  20742 

The  polarization  behavior  of  La-modifled  lead  zirconate  titanate  relaxors  has 
been  investigated  for  various  electrical  and  thermal  histories.  The  field  cooled  and 
zero  field  cooled  behaviors  were  both  studied.  The  magnitude  of  both  polarizations 
were  found  to  be  equal  above  a  critical  temperature.  A  macroscopic  polarization 
developed  under  bias  in  the  zero  Held  cooled  state,  with  the  temperature  of  the 
maximum  charging  current  decreasing  with  bias.  This  decrease  was  modelled  using 
the  deAlmeida  Thouless  relationship  (deAlmedia  and  Thouless  1978),  which 
predicted  an  average  moment  size  freezing  of  approximately  3xl0‘27  C-m.  A 
glassy  polarization  mechanism  was  subsequently  proposed  with  correlations 
between  superparaelectric  moments  leading  to  the  development  of  effective 
nonergodicity  in  a  frozen  state.  Arguments  are  presented  that  this  freezing  process 
is  dispersive  due  to  a  distribution  of  correlation  strengths.  The  time  dependence  of 
the  polarization  was  also  investigated. 


I.  INTRODUCTION 


La-modified  lead  zirconate  dtanate  with  a  Zr/Ti  ratio  of  6S/3S  (PLZT)  and  La 
contents  between  4  and  14  atomic%  are  relaxor  ferroelectrics.  Relaxors  have  an 
inability  to  sustain  a  remanent  polarization  until  temperatures  significantly  below  the 
temperature  of  the  permittivity  maximum,  but  a  local  polarization  is  believed  to  exist 
to  much  higher  temperatures  (Bums  and  Dacol  1983).  The  implication  is  that  the 
local  symmetry  is  lower  than  the  global.  Randall  has  observed  contrast  on  the 
nanometer  level  using  transmission  electron  microscopy  (TEM)  (Randall  1987; 
Randall  and  Bhalla  1990).  It  is  believed  that  the  composition  is  locally 
homogeneous  on  a  scale  of  approximately  SO  i.e.  phase  separated.  This  local 
chemistry  is  believed  to  prevent  the  establishment  of  normal  long  range  polar 
ordering  at  a  Curie  temperature,  instead  the  system  establishes  polar  moments  on 
the  scale  of  the  local  chemistry.  The  size  of  these  regions  is  such  that  the  orientation 
of  the  polarizadon  is  believed  to  be  thermally  reversible  (Cross  1987),  analogous  to 
superparamagnedsm  (Neel  1949).  Cross  has  recendy  shown  that  the  polarizadon 
fluctuations  undergo  a  freezing  (Viehland,  Jang,  Wuttig  and  Cross  1990a), 
analogous  to  spin  and  dipole  glasses  (Binder  and  Young  1986;  Hochli,  Kofel,  and 
Maglione  1985).  It  was  suggested  that  interactions  between  superparaelectric 
regions  were  responsible  for  this  deezing.TTie  freezing  temperature  (Tf)  was  also 
shown  to  correlate  with  the  collapse  in  the  remanent  polarizadon. 

The  zero  field  cooled  (ZFC)  state  of  the  relaxor  appears  cubic  to  x-rays  down 
to  liquid  nitrogen  temperatures,  implying  that  the  scale  of  the  polar  behavior  is 
smaller  than  the  coherence  length  of  x-rays  and  is  relatively  temperature 
independent.  The  field  cooled  (FC)  state  appears  rhombohedral  even  at  room 
temperature.  Xi  (Xi,  Zhilli,  and  Cross  1983)  has  previously  measured  the 
polarizadon  behavior  of  PLZT.  He  found  no  macroscopic  polarizadon  in  the  ZFC 
state,  but  upon  applicadon  of  a  bias  polarizadon  developed.  He  interpreted  his 


results  in  terms  of  a  micro  to  macrodomain  transition.  Somewhat  similar 
differences  between  the  ZFC  and  FC  states  have  been  found  in  spin  and  dipole 
glasses  (Hochli,  Kofel,  and  Maglione  1985).  The  re-orientating  moments  are 
believed  to  freeze  devoid  of  long  range  order  due  to  frustrated  interactions.  On 
application  of  a  bias  the  moments  tend  to  order,  and  properties  characteristic  of  a 
normal  ferroic  state  are  observed.  The  differences  between  the  ZFC  and  FC  states 
in  spin  and  dipolar  glasses  are  usually  attributed  to  a  breakdown  of  ergodicity  in  the 
frozen  state  (Hochli,  Kofel,  and  Maglione  1985). 

II.  EXPERIMENTAL  PROCEDURE 

The  samples  used  in  this  study  were  PLZT  ceramics  with  Zr/Ti  ratios  of  65/35 
and  La  contents  of  8  atomic%.  They  were  donated  by  Honeywell  Inc.  of 
Bloomington,  Minnesota.  The  samples  were  electroded  with  gold.  The  pyroelectric 
current  was  measured  as  a  function  of  temperature  on  heating  using  a  HP4140B  pA 
meter.  The  polarization  was  then  calculated  by  integration.  Various  measurement 
procedures  were  used  teflecdng  different  electrical  histories.  The  sample  was  first 
cooled  under  zero  bias  and  then  heated  under  bias  while  measuring  the  pyroelectric 
current,  designated  as  zero  field  cooled/  field  heated  (ZFC).  The  sample  was 
subsequently  cooled  and  heated,  both  under  bias,  while  measuring  the  pyroelectric 
current,  designated  as  field  cooled/  field  heated  (FC).  The  remanent  polarization 
was  also  measured  by  cooling  under  a  bias,  removing  the  bias  and  measuring  the 
pyroelectric  current  on  heating.  The  field  levels  used  were  1,  3,  5,  5,  8.5  and 

10  kV/cm. 

III.  RESULTS  AND  DISCUSSION 

The  remanent  polarization  (Pr)  as  a  function  of  temperature  for  PLZT-8  is 
shown  in  Figure  1.  Pf  collapsed  near  bO^C  and  seemingly  tailed  to  zero  at  higher 
temperatures.  This  figure  also  shows  other  polarization  curves.  These  curves  were 
measured  by  heating  the  poled  (field  cooled)  sample  to  temperatures  below  Tf(0), 
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subsequently  lecooling  the  sample  (EsQ)  and  reheating  measuring  Pf.  After  this 
procedure  Pf  did  not  reuun  to  the  previous  low  temperature  value,  but  rather 
remained  at  the  value  of  the  highest  temperature  reached.  This  behavior  is  unlike  a 
normal  ferroelectric  which  would  return  to  the  low  temperature  value  of  Pr  on 
recooling.  The  implication  is  that  the  scale  of  the  polar  ordering  in  relaxors  is 
strongly  dependent  on  the  electrical  and  thermal  histories.  The  field  cooled  (FC) 
state  exhibits  properties  similar  to  a  normal  ferroelectric  such  as  domains  and 
anisotropy,  whereas  the  zero  field  cooled  (ZFC)  state  is  devoid  of  long  range  order 
and  is  isotropic.  These  results  are  suggestive  of  a  glassy  polarization  mechanism, 
similar  to  the  dipole  and  spin  glasses  (Hochli,  Kofel,  and  Maglione  1985).  The 
differences  between  the  ZFC  and  FC  states  in  these  glassy  materials  are  well 
known. 

The  polarization  of  PLZT-8  is  shown  in  Figure  2(a)  and  (b)  for  various 
electrical  histories.  Hie  ZFC  (zero  field  cooled,  field  heated)  and  FC  (field  cooled, 
field  heated)  polarizations  are  both  shown  in  Figure  2(a)  for  a  bias  level  of  3 
kV/cm.  The  ZFC  polarization  exhibited  a  maximum  of  approximately  0.17  C/m^ 
near  SO^C.  The  FC  polarization  was  approximately  0.3  C/m^  at  -100®C,  and 
decreased  with  temperature  approaching  a  value  of  0.22  CAn^  near  SO^C.  Near  the 
temperature  of  the  maximum  ZFC  polarization  (Tjfc),  the  FC  and  ZFC 
polarizations  were  not  equal.  This  difference  is  probably  a  reflection  of  a  very  broad 
relaxation  time  distribution,  consequently  the  polar  regions  in  the  long  time  tail 
remain  in  their  ZFC  configuration  until  above  Tzfc-  But  on  field  cooling  from  high 
temperatures  these  regions  freeze  into  an  ordered  configuration,  consequently  the 
polarization  is  higher  for  the  FC  measurement  than  for  the  ZFC.  Figure  2(b)  shows 
similar  data  at  a  bias  levels  of  5  kV/cm.  The  difference  between  the  ZFC  and  FC 
polarizations  decreased  with  bias.  With  increasing  bias  the  polar  regions  in  the  long 


dme  tail  of  the  distribution  can  probably  be  perturbed  from  their  2[FC  configuration, 
consequently  the  ZFC  and  FC  polarizations  are  approximately  equal  near  Tzfc. 

Figure  3  shows  plots  of  the  time  dependence  of  the  polarization  at  various 
temperatures.  The  polarization  was  measured  by  applying  3  kV/cm,  cooling  down, 
removing  the  bias,  and  measuring  the  pyroelectric  current  as  a  function  of  time.  The 
maximum  polarization  at  each  ten^rature,  P(t=0),  was  assumed  to  be  that  of  the  3 
kV/cm  FC  state  (see  Figure  2(a)).  The  polarization  as  a  function  of  time  was  then 
calculated  by  subtracting  the  integral  of  the  pyroelectric  current.  The  decay  of  the 
polarization  became  slower  with  decreasing  temperature.  Above  Tf(0)  the  decay 
was  rapid,  slightly  below  Tzfc  it  clearly  exponential,  and  at  lower  temperatures 
it  could  not  be  detected.  At  a  particular  temperature,  any  configuration  with  an 
activation  energy  (Ea)  less  than  kT  will  remain  unchanged.  Raising  the  temperature 
will  allow  the  system  to  move  across  higher  barriers,  consequently  the  ZFC 
polarization  approaches  the  FC  values.  On  removal  of  the  bias,  the  quasilogarithmic 
decay  of  the  polarization  may  then  occur  as  the  thermal  energy  scrambles  the  FC 
state  and  the  system  searches  configurational  space  finding  the  lowest  local  minima. 
The  analogous  magnetic  viscosity  has  been  modelled  using  many  approaches 
(Binder  and  Young  1986;  Ferre,  Rajchenbach,  and  Maletta  1981),  mostly  involving 
a  exponent.  A  similar  relationship  seemed  to  be  observed  for  relaxors. 

A  small  anomaly  in  the  ZFC  permittivity  has  been  observed  by  Xi  (Xi,  Zhilli, 
and  Cross  1983).  This  anomaly  was  shown  to  correlate  in  temperature  with  the 
maximum  charging  current,  and  decreased  in  temperature  with  bias.  Figures  4(a) 
and  (b)  show  plots  of  the  ZFC  pyroelectric  current  under  3  and  5  kV/cm, 
respectively.  The  temperature  of  the  maximum  charging  current  decreased  with 
bias.  The  freezing  temperature  of  the  ZFC  state,  Tf(0),  has  been  shown  to  correlate 
with  the  extrapolation  of  the  remanent  polarization  to  zero  (Viehland,  Jang,  Wuttig, 
and  Cross  1990a).  Tf(0)  is  shown  in  Figure  1  to  be  approximately  tiO^C.  Clearly  a 


characteristic  temperature  associated  with  the  frozen  state  is  decreasing  with  bias, 
and  is  suggestive  of  a  breakdown  of  ergodicity  below  Tzfc- 

If  nonergodicity  is  occurring,  then  the  decrease  in  this  temperature  with  bias 
should  follow  the  deAlmeida  Thouless  relationship  (deAlmedia  and  Thouless  1978) 
given  in  equation  1; 

3 
2 

(1) 

where  A  is  an  adjustable  parameter.  The  measurement  field  is  plotted  against 
{[Tf(0)-Tf(E)]/rf(0)}  1-5  in  Figure  5.  The  experimental  behavior  is  con^iatible  with 
equation  1,  but  is  by  no  means  a  unique  representation.  A  best  parameter  fit  for  A 
yielded  a  value  of  30  kV/cm,  and  is  shown  as  the  solid  line  in  the  figure.  A  has 
been  indentified  as  kTf(0)/p  (deAlmedia,  and  Thouless  1978;  Chamberlin, 
Hardiman,  Hardiman,  Turkevich,  and  Orbach  1982)  where  p  is  the  average 
magnitude  of  the  polar  moment  freezing.  A  value  of  3x10*^^  C-m  can  then  be 
deduced  for  p.  This  is  close  to  the  expected  value  of  the  superparaelectric  moment 
in  Pb(Mgi/3Nb2/3)03  relaxors  (Viehland,  Jang,  Wuttig,  and  Cross  1990b),  which 
is  approximately  5xl0~^^  C-m.  With  increasing  La  content,  the  scale  of  the  polar 
behavior  is  believed  to  decrease.  Consequently  the  field  level  necessary  to  decrease 
Tf(E)  by  a  unit  amount  would  be  expected  to  increase,  i.e.  A=kTf(0)/PsVinoment. 
which  is  experimentally  observed  (Xi,  Zhilli,  and  Cross  1983).  These  results  give 
strong  evidence  that  the  individual  moments  undergoing  freezing  are 
superparaelectric,  and  that  the  glassy  character  is  a  reflection  of  correlations 
between  these  moments. 

It  is  believed  that  the  configurational  energy  of  a  spin  glass  posesses  many 
quasidegenerate  ground  states  (Edwards  and  Anderson  1973).  The  small  energy 
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differences  between  these  configurations  may  lead  to  the  system  being  stabilized  in 
one  of  them  below  Tf<0),  consequently  breaking  the  ergodicity.  This  model  has 
been  substantiated  by  computer  simulations  (Walker  and  Walstedt  1980;  Bantilan 
and  Palmer  1981).  A  similar  model  may  be  extended  to  correlated  superparaelectric 
moments.  Local  configurations  of  moment  orientations  are  believed  to  exist  on  the 
scale  of  approximately  200  A®  (Viehland,  Jang,  Wuttig,  and  Cross  1990b), 
effectively  charge  compensating  the  local  polarization.  There  may  be  many  minimas 
in  configurational  space  associated  with  various  combinations  of  moment 
orientations,  all  of  nearly  the  same  energy.  But  near  Tf(0)  other  configurations  may 
becoming  increasingly  inaccessible  as  the  relaxation  time  distribution  approaches 
the  macroscopic  time  scale,  consequently  effective  nonergodicity  may  set  in. 
Nonergodicity  has  previously  been  suggested  to  arise  in  Ki.xLixTaOs  dipole 
glasses  (Hochli,  Kofel,  and  Maglione  1985)  due  to  a  freezing  of  superparaelectric 
moments.  Analogy  was  made  to  the  models  of  hierchial  spin  glass  dynamics  (Nagai 
and  Rajagopal  1984;  Sibani  and  Hoffman  1989)  in  which  some  clusters  must  wait 
to  relax  until  a  number  of  neighboring  clusters  are  in  favorable  positions,  somewhat 
similar  to  the  concepts  presently  suggested. 

On  application  of  a  bias  in  the  ZFC  state,  the  quais-degeneracy  may  be 
partially  broken  reflecting  a  preferred  alignment  The  system  may  then  find  the  most 
favorable  local  configurations,  and  overtime  adjust  to  the  global  equilibrium.  The 
logarithmic  time  dependence  (polarization  viscosity)  may  then  arise  from 
readjustments  in  configurational  space  between  local  minima.  Under  higher  biases 
the  splitting  of  the  degeneracy  increases,  consequently  a  global  equilibrium  can  be 
establish  from  the  ZFC  state  at  lower  temperatures.  The  implication  is  that  at  a  fixed 
temperature  the  polarization  fluctuations  may  be  nonergodic  at  zero  bias  but  ergodic 
at  fuiite  biases.  Any  point  below  the  maximum  ZFC  polarization  (Figure  2)  would 
then  correspond  to  metastable  local  minima  since  sufficient  time  has  not  been 


allowed  for  equilibrium,  near  Tzfc  the  system  may  start  to  ^proach  a  global 
equilibrium.  The  difference  between  the  ZFC  and  FC  polarizations  near  Tzfc 
indicate  that  the  freezing  is  dispersive,  such  a  difference  was  not  observed  in  dipole 
glasses  (Hochli,  Kofel,  and  Maglione  1985).  Between  the  temperature  of  the  onset 
of  local  polarization  (TBums)  Tf(0),  the  susceptibility  is  nonlinear  (Viehland, 
Jang,  Wuttig,  and  Cross  1990b)  and  strong  deviations  from  Curie-Weiss  behavior 
develop  (Kersten,  Rost,  and  Schmidt  1983;  Kirsh,  Schmitt,  and  Muser  1986).  The 
implication  is  that  between  TBums  tuid  Tf(0)  the  energy  surface  is  not  featureless, 
but  rather  local  minima  which  are  correlated  in  configurational  space  exist  It  can  be 
anticipated  that  a  significant  dispersion  of  correlation  strengths  exist  as  a  reflection 
of  the  cluster  size  dispersion  observed  by  TEM  (Randall  and  Bhalla  1990;  J.  chen, 
H.  Chan,  and  M.  Harmer  1989).  The  implication  is  that  the  smaller  polar  regions 
may  remain  ergodic  to  lower  temperatures,  and  that  the  larger  clusters  may  remain 
nonergodic  to  higher  temperatures  (as  also  suggested  by  the  tailing  of  Pr,  shown  in 
Figure  1). 

The  FC  state  has  a  domain  structure  on  the  scale  of  1*10  pm,  whereas  the 
scale  of  the  polar  behavior  in  the  ZFC  state  is  smaller  than  the  coherence  length  of 
x-rays.  The  implication  is  that  the  scale  of  the  polar  behavior  is  field  dependent,  and 
in  fact  the  correlation  length  has  recently  been  found  to  increase  with  bias 
(Vakhrushev,  Kvyanovsky,  Naberezhnor,  Okunera,  and  Toperres  1989).  This 
does  not  reflect  a  simple  dipole  alignment  but  rather  the  establishment  of  a  normal 
ferroelectric  state,  i.e.  a  micro  to  macrodomain  transition.  The  bias  must  act  to 
override  the  chemical  inhomogeneity  which  normaUy  prevents  the  establishment  of 
long  range  polar  ordering.  A  possible  mechanism  is  the  growth  of  the  polar  regions 
across  the  antiphase  boundaries  which  are  known  to  separate  them  (Randall  1987; 
Randall  and  Bhalla  1990).  Similar  generic  behavior  is  observed  in  spin  glasses. 
The  ZFC  state  is  isotropic  with  no  evidence  of  long  range  magnetic  ordering. 


Where  as  the  FC  state  has  remanence,  hysteresis,  and  irreversibility  analogous  to  a 
nonnal  ferromagnet  A  switching  from  local  configurations  in  the  ZFC  state  to  a 
macro-state  (global  equilibrium)  under  bias  is  seemingly  observed  in  most  glassy 
materials. 

IV.  CONCLUSION 

The  polarization  behavior  of  the  FC  and  ZFC  states  of  relaxor  ferroelectrics 
have  been  compared,  and  shown  to  be  similar  to  spin  and  dipole  glasses.  The  field 
dependence  of  a  characteristic  temperature  has  also  been  shown  to  follow  the 
deAlmeida-Thouless  relationship.  A  glassy  polarization  mechanism  was 
subsequently  proposed  in  which  correlations  between  superparaelectric  moments 
lead  to  the  development  of  nonergodicity  near  a  glass  transition  temperature. 
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LIST  OF  nOURES 

Figure  1.  Remanent  polarization  (Pr)  as  a  function  of  temperature,  where  Tf(0)  is 
a  freezing  temperature.  The  top  curve,  (1),  was  measured  by  heating  to 
temperatures  above  Tf(0).  The  bottom  curves,  (2)  and  (3),  were  measured  by 
heating  to  temperatures  below  Tf(0),  subsequendy  recooling  and  measuring  Pr. 
Figure  2.  Polarization  as  a  function  of  temperature  for  various  electrical  histories 
and  bias  levels,  where  FC  means  field  cooled/  field  heated  and  ZFC  means  zero 
field  cooled/  field  heated,  (a)  Bias  level  of  3  kV/cm,  and  (b)  Bias  level  of  5  kV/cm. 
Figure  3.  Remanent  polarization  as  a  function  of  time  at  various  temperatures. 
Figure  4.  Pyroelectric  current  as  a  function  of  temperature  at  various  bias  levels, 
(a)  Bias  level  of  3  kV/cm,  and  (b)  Bias  level  of  5  kV/cm. 

Figure  5.  Plot  of  the  applied  bias  ("AT*  field)  as  a  function  of  the  temperamre  of 
maximum  charging  current,  where  Tf(0)  is  the  freezing  temperature  of  the  ZFC 
state  and  the  solid  line  is  the  curve  fitting  to  the  deAlmedia  Thouless  relationship 
given  in  equation  1. 
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